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ABSTRACT 
Propene oxide is an important chemical intermediate in the chemical industry. The 
propene oxide industry has employed two different types of commercial processes for several 
decades: the chlorohydrin process and the hydroperoxidation process. However, direct 
epoxidation of propene with hydrogen peroxide has recently attracted much attention as a 
more environmentally benign and profitable process. This thesis presents the catalytic 
reaction engineering of the epoxidation of propene to propene oxide using hydrogen peroxide 
as the oxidant and titanium silicalite (TS-1) as the catalyst under mild conditions. 
The kinetics of the heterogeneous catalytic epoxidation was studied in an autoclave 
reactor using methanol/water mixtures as the solvent. The effects of stirring speed, catalyst 
loading, reactant concentration, reaction temperature, solvent composition and solvent 
variation on the propene oxidation are presented and discussed. The catalytic performance of 
TS-1 impregnated with precious metal nanoparticles such as gold and palladium for the 
propene epoxidation was also investigated. The influences of the kind of precious metal and 
treatment process adopted in the catalyst preparation on the propene epoxidation and the 
hydrogen peroxide decomposition were explored.  
One of the key objectives of this research was to evaluate a new continuous reactor 
concept for propene epoxidation and other liquid-phase selective oxidation reactions. A 
conventional monolith and a confined Taylor flow (CTF) reactor were studied for the propene 
epoxidation. The influences of gas and liquid flow rates on the hydrodynamics of the 
structured reactors were investigated under Taylor flow regime at atmospheric pressure. It was 
found that the variation of hydrodynamics had a significant impact on the production of 
propene oxide. The effect of operating pressure on the propene oxide production was studied 
in a pressurised system. In addition, the performances of various structures of reactor column 
were examined to compare. 
 2
DECLARATION OF ORIGINALITY 
I hereby certify that the work reported herein was originated entirely from me and this thesis 
was written by me. Information derived from the published and unpublished work of others 
has been acknowledged in the text and a list of references is given. 
 
 
Sang Baek Shin 
June 2011 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 3
ACKNOWLEDGEMENTS 
The period of my life at Imperial College London has been a challenging and arduous 
journey for me but it also has been rewarding and enjoyable. After another long journey of my 
life, in the distant future, I will always look back at these days in London with fond memories 
and smiles.  
There are a number of people without whose help and support this thesis would never 
have come to be. First and foremost, I would like to express my deep gratitude to my 
supervisor Professor David Chadwick for his relentless support, guidance and encouragement 
throughout the course of my PhD. Meetings and discussions with him have been greatly 
helpful in conducting my research and invaluable opportunities for me to build my own 
research philosophy, broaden my perspective and improve my engineering intuition. 
I thank my viva examiners, Professor Kang Li and Professor Alexi Lapkin from the 
University of Warick, for their valuable inputs. I also would like to thank my co-supervisor 
Professor Frantisek Stepanek and collaborating academic Professor Constantinous C. 
Pantelides for their support and advice. I must thank the Engineering and Physical Sciences 
Research Council (EPSRC) of the United Kingdom for the funding of the research grants and 
the Department of Chemical Engineering of Imperial College London for the provision of the 
financial support. 
A very special thank you to Professor Sung-Hyun Kim in the Department of Chemical 
and Biological Engineering of Korea University for his help and advice on my life as a 
chemical engineer. I also thank President Sang-Phil Han at Process Systems Enterprise (PSE) 
Korea and Dr Hyun-Seob Song at Purdue University for their encouragement and advice on 
my career. I should not forget Director Oh Seung Kwon at Interprime College London for 
offering me a chance to work as a science teacher for last two years. 
 4
All of my colleagues in the Professor Chadwick’s research group have been extremely 
helpful inside and outside the laboratory. I also thank the highly skilled staff in the Analytical 
Lab, Mechanical Workshop, Electronics and Computing Services and Chemical Engineering 
Store in the Department of Chemical Engineering of Imperial College London. 
The members of the Imperial College Korean Society (ICKS) deserve special mention 
as they have been always there for me and their friendship cannot be described by a few 
words. I also thank all those people whom I got acquainted at Korea University, Tong Yang 
Central Laboratories, Hyundai Heavy Industries and LG Chem/Research Park. 
I must thank my dearly beloved family members: my son Minseok, older sister and 
brother-in-law, younger brother and sister-in-law, nephews and nieces, parents-in-law and 
parents. In particular, I am forever indebted to my parents for their priceless love, 
unconditional self-sacrifice and endless devotion.  
Last but not least, I thank my wife Jee Young Kim for her deep understanding, endless 
patience and steadfast encouragement. Without her unlimited support and love, my 
achievement in my career and the completion of my PhD would have never been possible. 
 
  
 
  
 
 
 
 
 
 5
TABLE OF CONTENTS 
Abstract ..................................................................................................................................... 2 
Declaration of Originality.......................................................................................................... 3 
Acknowledgements ................................................................................................................... 4 
Table of Contents....................................................................................................................... 6 
List of Figures ..........................................................................................................................11 
List of Tables ........................................................................................................................... 23 
Nomenclature .......................................................................................................................... 25 
1 Introduction ........................................................................................................................ 29 
1.1 Background ............................................................................................................ 30 
1.2 Aims and Objectives .............................................................................................. 32 
1.3 Thesis Structure...................................................................................................... 33 
2 Literature Review............................................................................................................... 35 
2.1 Introduction to Propene and Propene Oxide Industry............................................ 36 
2.2 Commercial Processes for Propene Oxide ............................................................. 37 
2.3 Propene Epoxidation with Hydrogen Peroxide...................................................... 39 
2.3.1 Catalyst: Titanium Silicalite (TS-1).......................................................... 40 
2.3.1.1 Synthesis ............................................................................................ 40 
2.3.1.2 Selectivity, Activity and Regeneration............................................... 44 
2.3.1.3 Supported TS-1 Catalyst .................................................................... 45 
2.3.2 Reaction Mechanism ................................................................................ 46 
2.3.3 Influence of Reaction Conditions ............................................................. 47 
2.4 Future Processes for Propene Oxide ...................................................................... 50 
2.4.1 Liquid-phase Propene Epoxidation with Hydrogen and Oxygen ............. 51 
2.4.2 Gas-phase Propene Epoxidation with Hydrogen and Oxygen.................. 52 
 6
2.4.3 Gas-phase Propene Epoxidation with Oxygen ......................................... 55 
2.5 Monolith Reactor for Multiphase Reaction............................................................ 57 
2.5.1 Comparison of Monolith and Conventional Reactors .............................. 58 
2.5.2 Structure and Fabrication of Monoliths .................................................... 60 
2.5.3 Two-phase Flow in Monoliths .................................................................. 62 
2.5.3.1 Gas-liquid Flow in Circular Channels ............................................... 62 
2.5.3.2 Gas-liquid Flow in Annuli ................................................................. 71 
2.5.4 CFD studies of Taylor Flow in Capillaries ............................................... 74 
2.6 Concluding Remarks.............................................................................................. 78 
3 Materials and Experimental Methods................................................................................. 79 
3.1 Materials................................................................................................................. 80 
3.2 Experimental Setup ................................................................................................ 81 
3.2.1 Autoclave Reactor .................................................................................... 81 
3.2.2 Monolith/Confined Taylor Flow (CTF) Reactor System.......................... 83 
3.2.2.1 Reactor System for Propene Epoxidation at Atmospheric Pressure .. 83 
3.2.2.2 Reactor System for Propene Epoxidation at High Pressure............... 87 
3.3 Analytical Methods ................................................................................................ 91 
3.3.1 Chemicals Analysis................................................................................... 91 
3.3.1.1 Gas Chromatography (GC) ................................................................ 91 
3.3.1.2 Titration Method ................................................................................ 91 
3.3.2 Catalyst Characterisation .......................................................................... 93 
3.4 Concluding Remarks.............................................................................................. 94 
4 Synthesis and Characterisation of Catalysts....................................................................... 95 
4.1 Titanium Silicalite (TS-1) ...................................................................................... 96 
4.1.1 Synthesis................................................................................................... 96 
4.1.2 Characterisation ........................................................................................ 97 
4.2 Precious Metal Containing Titanium Silicalite (TS-1)......................................... 102 
4.2.1 Synthesis................................................................................................. 102 
 7
4.2.2 Characterisation ...................................................................................... 103 
4.3 Immobilisation of TS-1 Catalyst for Structured Reactor Application.................. 108 
4.4 Concluding Remarks.............................................................................................112 
5 Kinetics of Propene Epoxidation in a Batch Reactor ........................................................113 
5.1 Introduction...........................................................................................................114 
5.2 Experimental .........................................................................................................114 
5.3 TS-1 Performance at Normal Operating Conditions.............................................115 
5.4 Mass-Transfer Limitations ....................................................................................117 
5.5 Catalyst Loading .................................................................................................. 121 
5.6 Initial Concentration of Hydrogen Peroxide ........................................................ 122 
5.7 Initial Propene Partial Pressure ............................................................................ 124 
5.8 Reaction Temperature .......................................................................................... 125 
5.9 Concentration of Methanol .................................................................................. 127 
5.10 Effect of Solvent .................................................................................................. 135 
5.11 Concluding Remarks............................................................................................ 142 
6 Propene Epoxidation over Precious Metal Containing Titanium Silicalite (TS-1) in a Batch 
Reactor ............................................................................................................................. 144 
6.1 Introduction.......................................................................................................... 145 
6.2 Experimental ........................................................................................................ 146 
6.3 Decomposition of Hydrogen Peroxide over Precious Metal Containing TS-1 
Catalysts .............................................................................................................. 147 
6.4 Performance of Monometallic TS-1 Catalysts ..................................................... 148 
6.5 Performance of Bimetallic TS-1 Catalysts........................................................... 151 
6.6 Decomposition of Hydrogen Peroxide and Conversion of Propene Oxide over 
Precious Metal Solutions..................................................................................... 153 
6.7 Propene Epoxidation over Au/TS-1 Prepared by Sol Immobilisation ................. 156 
6.8 Concluding Remarks............................................................................................ 158 
7 Propene Epoxidation in a Monolith Reactor at Atmospheric Pressure ............................ 160 
 8
7.1 Introduction.......................................................................................................... 161 
7.2 Experimental ........................................................................................................ 162 
7.3 Hydrodynamics in a Monolith Reactor at Atmospheric Pressure ........................ 162 
7.4 Performance of Propene Epoxidation in a Monolith Reactor .............................. 175 
7.5 Concluding Remarks............................................................................................ 180 
8 Propene Epoxidation in a Confined Taylor Flow (CTF) Reactor at Atmospheric Pressure
.......................................................................................................................................... 182 
8.1 Introduction.......................................................................................................... 183 
8.2 Experimental ........................................................................................................ 184 
8.3 Hydrodynamics in a CTF Reactor at Atmospheric Pressure................................ 185 
8.4 Performance of Propene Epoxidation in a CTF Reactor...................................... 191 
8.5 Comparison of a Monolith and a CTF Reactor for Propene Epoxidation............ 197 
8.6 Simulation of Taylor Flow in a CTF Reactor....................................................... 203 
8.7 Concluding Remarks............................................................................................ 207 
9 Propene Epoxidation in a Pressurised Reactor System .................................................... 209 
9.1 Introduction.......................................................................................................... 210 
9.2 Experimental ........................................................................................................ 210 
9.3 Hydrodynamics at High Pressure..........................................................................211 
9.4 Performance of Propene Epoxidation at High Pressure ....................................... 212 
9.5 Performance of Propene Epoxidation in Various Reactor Columns .................... 215 
9.6 Concluding Remarks............................................................................................ 218 
10 Conclusions and Recommendations................................................................................. 220 
10.1 Conclusions.......................................................................................................... 221 
10.2 Significance and Potential Impacts ...................................................................... 223 
10.3 Recommendations for Future Work ..................................................................... 225 
References ............................................................................................................................. 228 
Appendix A. Calibration of Mass Flow Controllers and Liquid Pumps.............................. 244 
Appendix B. Calibration of Gas Chromatography .............................................................. 248 
 9
Appendix C. Comparison of Titration Methods .................................................................. 251 
Appendix D. Determination of Initial Rates ........................................................................ 253 
Appendix E. Langmuir–Hinshelwood and Eley–Rideal Mechanism.................................. 254 
Appendix F. Experimental Data.......................................................................................... 255 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 10
LIST OF FIGURES 
Figure 2.1 Propene oxide capacity share by process during 1970–2003 [11]. ....................... 38 
Figure 2.2 Commercial routes for propene oxide production................................................. 39 
Figure 2.3 Hydrogen peroxide route for propene oxide production. ...................................... 40 
Figure 2.4 Synthesis procedures for titanium silicalite (TS-1) catalyst [4]. ........................... 41 
Figure 2.5 Mechanism of propene epoxidation with hydrogen peroxide over TS-1 catalyst 
[28]. ......................................................................................................................................... 47 
Figure 2.6 Conventional reactors: (a) stirred tank slurry reactor, (b) slurry bubble column 
reactor and (c) trickle-bed reactor............................................................................................ 58 
Figure 2.7 Various monolithic channel geometries: (a) rectangular channel with different cell 
densities, (b) rectangular channel with internal fins and (c) circular channel [107]. .............. 61 
Figure 2.8 Fabrication procedures for monolith extrusion [113, 114]. ................................... 62 
Figure 2.9 Flow regimes in cocurrent upward two-phase flow in vertical tubes.................... 63 
Figure 2.10 Empirical correlations (a) for gas bubble length (LTB) and (b) for liquid slug 
length (LLS) [122]. ................................................................................................................... 66 
Figure 2.11 Mass-transfer phenomena in a monolith channel under Taylor flow regime. ..... 68 
Figure 2.12 Schematic representation of a Taylor bubble through a concentric annulus [142, 
143].......................................................................................................................................... 72 
Figure 3.1 Photograph of a Büchi autoclave reactor system constructed by Strata Technology.
................................................................................................................................................. 82 
Figure 3.2 Diagram of a Büchi autoclave reactor and normal operating conditions. ............. 83 
Figure 3.3 Photograph of a monolith/confined Taylor flow (CTF) reactor system for propene 
epoxidation at atmospheric pressure [159]. ............................................................................. 85 
Figure 3.4 Schematic diagram of a monolith/CTF reactor system for propene epoxidation at 
atmospheric pressure. .............................................................................................................. 86 
 11
Figure 3.5 P&ID of a monolith/CTF reactor system for propene epoxidation at high pressure.
................................................................................................................................................. 89 
Figure 3.6 Photograph of a monolith/CTF reactor system for propene epoxidation at high 
pressure.................................................................................................................................... 90 
Figure 4.1 X-ray diffraction patterns of (a) TS-1 (this study), (b) silicalite [4] and (c) 
monoclinic SiO2 (JCPDS PDF #86-0680) [161]. .................................................................... 98 
Figure 4.2 FT-IR spectrum of TS-1 catalyst. .......................................................................... 98 
Figure 4.3 UV-vis spectrum of TS-1 catalyst. ........................................................................ 99 
Figure 4.4 SEM micrographs of TS-1 catalyst. .................................................................... 100 
Figure 4.5 TEM micrograph of TS-1 catalyst....................................................................... 100 
Figure 4.6 TGA profile of TS-1 catalyst. .............................................................................. 101 
Figure 4.7 TEM micrographs: (a) Au/TS-1 dried, (b) Au/TS-1 calcined, (c) Au/TS-1 reduced, 
(d) Pd/TS-1 dried, (e) Pd/TS-1 calcined, (f) Pd/TS-1 reduced, (g) Au–Pd/TS-1 dried, (h) Au–
Pd/TS-1 calcined and (i) Au–Pd/TS-1 reduced. .................................................................... 105 
Figure 4.8 TEM micrograph of Au/TS-1 prepared by sol immobilisation. .......................... 106 
Figure 4.9 X-ray diffraction patterns of TS-1 and precious metal containing TS-1 catalysts.
............................................................................................................................................... 107 
Figure 4.10 Photographs of an alumina rod coated with TS-1 catalyst (a) before and (b) after 
heating for crystallisation. ..................................................................................................... 109 
Figure 4.11 SEM micrographs of TS-1 immobilised on the surface of alumina rod using (a) 
20 wt% TS-1 and 5 wt% silica in water, (b) 20 wt% TS-1 and 10 wt% silica in water, (c) 20 
wt% TS-1 and 15 wt% silica in water, and (d) 20 wt% TS-1 and 20 wt% silica in water......111 
Figure 5.1 Propene epoxidation in an autoclave reactor at normal operating conditions: (a) 
concentrations of hydrogen peroxide, propene oxide and byproducts, and (b) conversion of 
hydrogen peroxide, utilisation of hydrogen peroxide, selectivity to propene oxide, selectivity 
to byproducts and yield of propene oxide. Reaction conditions: 40 °C, 7 bar (10% C3H6/N2), 
0.35 wt% H2O2, 50 wt% CH3OH, 0.28 g of TS-1, 1000 rpm stirring.....................................117 
 12
Figure 5.2 Effect of agitation speed on the initial rate of propene epoxidation. Reaction 
conditions: 40 °C, 7 bar (10% C3H6/N2), 0.35 wt% H2O2, 50 wt% CH3OH, 0.28 g of TS-1, 
100–1500 rpm stirring. ...........................................................................................................118 
Figure 5.3 Effect of catalyst loading on (a) initial rate of propene epoxidation and (b) 
selectivity to propene oxide. Reaction conditions: 40 °C, 7 bar (10% C3H6/N2), 0.35 wt% 
H2O2, 50 wt% CH3OH, 0.14–0.50 g of TS-1, 1000 rpm stirring........................................... 122 
Figure 5.4 Effect of initial hydrogen peroxide concentration on the initial rate of propene 
epoxidation. Reaction conditions: 40 °C, 7 bar (10% C3H6/N2), 0.17–0.70 wt% H2O2, 50 wt% 
CH3OH, 0.28 g of TS-1, 1000 rpm stirring. .......................................................................... 123 
Figure 5.5 Effect of initial propene partial pressure on the initial rate of propene epoxidation. 
Reaction conditions: 40 °C, 3–8 bar (10% C3H6/N2), 0.35 wt% H2O2, 50 wt% CH3OH, 0.28 g 
of TS-1, 1000 rpm stirring..................................................................................................... 125 
Figure 5.6 Effect of reaction temperature on (a) propene oxide production and (b) selectivity 
to propene oxide. Reaction conditions: 21–50 °C, 7 bar (10% C3H6/N2), 0.35 wt% H2O2, 50 
wt% CH3OH, 0.28 g of TS-1, 1000 rpm stirring. .................................................................. 126 
Figure 5.7 Arrhenius plot of propene epoxidation. Reaction conditions: 21–50 °C, 7 bar (10% 
C3H6/N2), 0.35 wt% H2O2, 50 wt% CH3OH, 0.28 g of TS-1, 1000 rpm stirring................... 127 
Figure 5.8 Effect of methanol concentration on (a) propene oxide production and (b) 
selectivity to propene oxide. Reaction conditions: 40 °C, 7 bar (10% C3H6/N2), 0.35 wt% 
H2O2, 0–70 wt% CH3OH, 0.28 g of TS-1, 1000 rpm stirring................................................ 128 
Figure 5.9 Parity plot (95% confidence intervals for slope by the L–H single-site model = 
0.9938 ± 0.0208, 95% confidence intervals for slope by the L–H dual-site model = 0.9982 ± 
0.0114)................................................................................................................................... 131 
Figure 5.10 Comparison of experimental initial rates and fitting by the Langmuir–
Hinshelwood models with respect to methanol content. ....................................................... 132 
Figure 5.11 Initial rates of propene epoxidation at various reactant and methanol 
concentrations predicted by the Langmuir–Hinshelwood model Equation 5.15................... 134 
 13
Figure 5.12 Effect of solvents on the initial rates of propene epoxidation. Reaction 
conditions: 40 °C, 7 bar (10% C3H6/N2), 0.35 wt% H2O2, 0–100 wt% solvent, 0.12 g of TS-1, 
1000 rpm stirring. .................................................................................................................. 136 
Figure 5.13 Experimental initial rates and fitting by the L–H models with respect to the 
content of various solvents. ................................................................................................... 139 
Figure 5.14 Parity plot for initial rates in various solvents (95% confidence intervals for slope 
by the L–H single-site model = 0.9825 ± 0.0254, 95% confidence intervals for slope by the 
L–H dual-site model = 0.9872 ± 0.0209). ............................................................................. 140 
Figure 5.15 Initial rates of propene epoxidation at various concentrations of reactants and 
methanol. Reaction conditions: 40 °C, 0.7–3.5 bar (PC3H6), 0.35–3.5 wt% H2O2, 0–100 wt% 
CH3OH, 0.12 g of TS-1, 1000 rpm stirring. .......................................................................... 142 
Figure 6.1 Decomposition of hydrogen peroxide over various precious metal containing TS-1 
catalysts in a Büchi autoclave reactor. Conditions: 40 °C, 7 bar N2, 0.35 wt% H2O2, 50 wt% 
CH3OH, 0.28 g of catalyst, 1000 rpm stirring. ...................................................................... 148 
Figure 6.2 Propene epoxidation over TS-1 and Au/TS-1 catalysts: (a) propene oxide 
production and (b) selectivity to propene oxide. Reaction conditions: 40 °C, 7 bar (10% 
C3H6/N2), 0.35 wt% H2O2, 50 wt% CH3OH, 0.28 g of catalyst, 1000 rpm stirring............... 149 
Figure 6.3 Propene epoxidation over TS-1 and Pd/TS-1 catalysts: (a) propene oxide 
production and (b) selectivity to propene oxide. Reaction conditions: 40 °C, 7 bar (10% 
C3H6/N2), 0.35 wt% H2O2, 50 wt% CH3OH, 0.28 g of catalyst, 1000 rpm stirring............... 151 
Figure 6.4 Propene epoxidation over TS-1 and Au-Pd/TS-1 catalysts: (a) propene oxide 
production and (b) selectivity to propene oxide. Reaction conditions: 40 °C, 7 bar (10% 
C3H6/N2), 0.35 wt% H2O2, 50 wt% CH3OH, 0.28 g of catalyst, 1000 rpm stirring............... 152 
Figure 6.5 Propene oxide yields over various precious metals containing TS-1 catalysts. 
Reaction conditions: 40 °C, 7 bar (10% C3H6/N2), 0.35 wt% H2O2, 50 wt% CH3OH, 0.28 g of 
catalyst, 1000 rpm stirring. .................................................................................................... 153 
Figure 6.6 (a) Decomposition of hydrogen peroxide over Au and Pd solution. Conditions: 
40 °C, 7 bar N2, 0.35 wt% H2O2, 50 wt% CH3OH, 0.57g of 1 wt% HAuCl4·3H2O solution or 
 14
0.48 g of 1 wt% PdCl2 solution, 1000 rpm stirring. (b) Conversion of propene oxide over Au 
and Pd solution. Reaction conditions: 40 °C, 7 bar N2, 0.35 wt% H2O2, 50 wt% CH3OH, 0.5 
wt% C3H6O, 0.57g of 1 wt% HAuCl4·3H2O solution or 0.48 g of 1 wt% PdCl2 solution, 1000 
rpm stirring. ........................................................................................................................... 155 
Figure 6.7 Propene epoxidation over Au/TS-1 catalysts prepared by impregnation (reduction) 
and sol immobilisation: (a) propene oxide production and (b) selectivity to propene oxide. 
Reaction conditions: 40 °C, 7 bar (10% C3H6/N2), 0.35 wt% H2O2, 50 wt% CH3OH, 0.28 g of 
catalyst, 1000 rpm stirring. .................................................................................................... 157 
Figure 6.8 Decomposition of hydrogen peroxide over Au/TS-1 catalysts prepared by 
impregnation (reduction) and sol immobilisation. Conditions: 40 °C, 7 bar N2, 0.35 wt% H2O2, 
50 wt% CH3OH, 0.28 g of catalyst, 1000 rpm stirring.......................................................... 158 
Figure 7.1 Infra-red detector output with time [159]............................................................ 163 
Figure 7.2 Photographs of Taylor gas bubbles at various gas superficial velocities (VG) and 
liquid superficial velocities (VL) in a monolith reactor column. Conditions: nitrogen–water 
system, cocurrent upward flow, atmospheric pressure. ......................................................... 165 
Figure 7.3 Flow pattern maps for vertical upward flow in circular tubes [120, 123, 195]. .. 166 
Figure 7.4 Taylor bubble rise velocity (UTB) and liquid slug rise velocity (ULS) vs. mean flow 
velocity (Um) in a monolith reactor column. ......................................................................... 167 
Figure 7.5 Gas holdup (εG) with respect to (a) gas superficial velocity (VG) and (b) gas 
injection ratio (ε). .................................................................................................................. 170 
Figure 7.6 (a) Taylor bubble length (LTB) vs. gas superficial velocity (VG) at liquid superficial 
velocities (VL), and (b) Taylor bubble length (LTB) vs. liquid superficial velocity (VL) at gas 
superficial velocities (VG) in a monolith reactor column. ..................................................... 171 
Figure 7.7 Liquid slug length (LLS) vs. liquid superficial velocity (VL) at gas superficial 
velocities (VG) in a monolith reactor column. ....................................................................... 172 
Figure 7.8 Histograms of Taylor bubble length (LTB) and bubble rise velocity (UTB) in a 
monolith reactor column: (a) and (b) at VG = 0.0355 m s-1, VL = 0.044 m s-1, (c) and (d) at VG 
= 0.142 m s-1, VL = 0.044 m s-1.............................................................................................. 173 
 15
Figure 7.9 Influence of (a) mean flow velocity (Um) and (b) gas injection ratio (ε) on the 
frequency of Taylor bubbles in a monolith reactor column................................................... 174 
Figure 7.10 Propene epoxidation in an autoclave reactor at normal operating conditions. 
Reaction conditions: 40 °C, 7 bar (10% C3H6/N2), 0.35 wt% H2O2, 50 wt% CH3OH, 0.28 g of 
TS-1, 1000 rpm stirring. ........................................................................................................ 175 
Figure 7.11 Effect of catalyst loading on propene oxide production in a monolith reactor. 
Reaction conditions: 40 °C, atmospheric pressure, 1.0–2.0 g of TS-1 coating, cocurrent 
upward & semi-batch operation, VG = 0.071 m s-1 (10% C3H6/N2), VL = 0.044 m s-1 (H2O2 
0.35 wt%, CH3OH 50 wt%, H2O 49.65 wt%). ...................................................................... 177 
Figure 7.12 Influence of (a) gas superficial velocity (VG) and liquid superficial velocity (VL) 
and (b) mean flow velocity (Um) on propene oxide production in a monolith reactor. Reaction 
conditions: 40 °C, atmospheric pressure, 1.0 g of TS-1 coating, cocurrent upward & semi-
batch operation, VG = 0.0355–0.142 m s-1 (10% C3H6/N2), VL = 0.022–0.088 m s-1 (H2O2 0.35 
wt%, CH3OH 50 wt%, H2O 49.65 wt%). .............................................................................. 178 
Figure 7.13 Influence of Taylor bubble length (LTB) on propene oxide production according 
to gas and liquid superficial velocities in a monolith reactor. ............................................... 180 
Figure 8.1 Photographs of Taylor gas bubbles at various gas (VG) and liquid superficial 
velocities (VL) in a CTF reactor column. Conditions: nitrogen–water system, cocurrent 
upward flow, atmospheric pressure. ...................................................................................... 186 
Figure 8.2 Taylor bubble rise velocity (UTB) and liquid slug rise velocity (ULS) vs. mean flow 
velocity (Um) in a CTF reactor column. ................................................................................ 187 
Figure 8.3 (a) Taylor bubble length (LTB) vs. gas superficial velocity (VG) at liquid superficial 
velocities (VL), and (b) Taylor bubble length (LTB) vs. liquid superficial velocity (VL) at gas 
superficial velocities (VG) in a CTF reactor column. ............................................................ 188 
Figure 8.4 Liquid slug length (LLS) vs. liquid superficial velocity (VL) at gas superficial 
velocities (VG) in a CTF reactor column. .............................................................................. 189 
 16
Figure 8.5 Histograms of Taylor bubble length (LTB) and bubble rise velocity (UTB) in a CTF 
reactor column: (a) and (b) at VG = 0.0355 m s-1, VL = 0.044 m s-1, (c) and (d) at VG = 0.142 m 
s-1, VL = 0.044 m s-1. .............................................................................................................. 190 
Figure 8.6 Influence of (a) mean flow velocity (Um) and (b) gas injection ratio (ε) on the 
frequency of Taylor bubbles in a CTF reactor column. ......................................................... 191 
Figure 8.7 Propene epoxidation over mobilised and immobilised TS-1 catalysts in an 
autoclave reactor. Reaction conditions for mobilised TS-1: 40 °C, 7 bar (10% C3H6/N2), 0.68 
g of H2O2, 35 g of CH3OH, 34.32 g of H2O, 0.28 g of TS-1 powder, 1000 rpm stirring. 
Reaction conditions for immobilised TS-1: 40 °C, 8 bar (10% C3H6/N2), 1.36 g of H2O2, 70 g 
of CH3OH, 68.64 g of H2O, 10 catalyst pellets (0.75 g of TS-1 and silica), 1000 rpm stirring.
............................................................................................................................................... 192 
Figure 8.8 Effect of catalyst loading on propene oxide production in a CTF reactor. Reaction 
conditions: 40 °C, atmospheric pressure, 0.5–1.5 g of TS-1 coating, cocurrent upward & semi-
batch operation, VG = 0.071 m s-1 (10% C3H6/N2), VL = 0.044 m s-1 (H2O2 0.35 wt%, CH3OH 
50 wt%, H2O 49.65 wt%). ..................................................................................................... 193 
Figure 8.9 Effect of propene feed concentration on propene oxide production in a CTF reactor. 
Reaction conditions: 40 °C, atmospheric pressure, 1.0 g of TS-1 coating, cocurrent upward & 
semi-batch operation, VG = 0.071 m s-1 (10–30% C3H6/N2), VL = 0.044 m s-1 (H2O2 0.35 wt%, 
CH3OH 50 wt%, H2O 49.65 wt%)......................................................................................... 194 
Figure 8.10 Influence of (a) gas superficial velocity (VG) and liquid superficial velocity (VL) 
and (b) mean flow velocity (Um) on propene oxide production in a CTF reactor. Reaction 
conditions: 40 °C, atmospheric pressure, 1.0 g of TS-1 coating, cocurrent upward & semi-
batch operation, VG = 0.0355–0.142  m s-1 (10% C3H6/N2), VL = 0.022–0.088 m s-1 (H2O2 0.35 
wt%, CH3OH 50 wt%, H2O 49.65 wt%). .............................................................................. 195 
Figure 8.11 Influence of Taylor bubble length (LTB) on propene oxide production according to 
gas and liquid superficial velocities in a CTF reactor............................................................ 196 
Figure 8.12 Comparison of Taylor bubble rise velocity (UTB) in a monolith and a CTF reactor 
column. .................................................................................................................................. 198 
 17
Figure 8.13 Comparison of Taylor bubble length (LTB) at various gas (VG) and liquid 
superficial velocities (VL) in a monolith and a CTF reactor column..................................... 199 
Figure 8.14 Comparison of liquid slug length (LLS) at various gas (VG) and liquid superficial 
velocities (VL) in a monolith and a CTF reactor column....................................................... 200 
Figure 8.15 Comparison of the frequency of Taylor bubbles with respect to (a) mean flow 
velocity (Um) and (b) gas injection ratio (ε) in a monolith and a CTF reactor column. ........ 201 
Figure 8.16 Comparison of influence of Taylor bubble length (LTB) on propene oxide 
production in a monolith and a CTF reactor.......................................................................... 202 
Figure 8.17 Geometry and dimensions of CTF reactor used in a CFD simulation............... 204 
Figure 8.18 Taylor flow development with time in a CTF reactor (contours plot of volume 
fraction: red–water, blue–air). ............................................................................................... 206 
Figure 9.1 Influence of operating pressure on propene oxide production in (a) a monolith and 
(b) a CTF reactor. Reaction conditions: 40 °C, 0–10 bar gauge pressure, 1.0 g of TS-1 coating, 
cocurrent upward & semi-batch operation, QG = 214 mL min-1 (10% C3H6/N2) and QL = 133 
mL min-1 (H2O2 0.35 wt%, CH3OH 50 wt%, H2O 49.65 wt%) for a monolith reactor, QG = 
161 (10% C3H6/N2) mL min-1 and QL = 100 mL min-1 (H2O2 0.35 wt%, CH3OH 50 wt%, H2O 
49.65 wt%) for a CTF reactor................................................................................................ 213 
Figure 9.2 Selectivity to propene oxide at various operating pressures in a monolith and a 
CTF reactor............................................................................................................................ 213 
Figure 9.3 Dependence of propene oxide production on operating pressure in a monolith and 
a CTF reactor. ........................................................................................................................ 215 
Figure 9.4 Photographs of a rod and various reactor columns. ............................................ 215 
Figure 9.5 Influence of reactor column structure on propene oxide production. Reaction 
conditions: 40 °C, 1 bar, 1.0 g of TS-1 coating, cocurrent upward & semi-batch operation, VG 
= 0.071 m s-1 (10% C3H6/N2), VL = 0.044 m s-1 (H2O2 0.35 wt%, CH3OH 50 wt%, H2O 49.65 
wt%). ..................................................................................................................................... 217 
Figure 9.6 Propene oxide concentration and selectivity to propene oxide after 5 h in various 
reactor columns. .................................................................................................................... 218 
 18
 Figure A.1 Calibration curves of a mass flow controller (Brooks #1): (a) 10% C3H6 in N2 and 
(b) 50% C3H6 in N2................................................................................................................ 244 
Figure A.2 Calibration curve of a mass flow controller (Brooks #2, pure N2). .................... 245 
Figure A.3 Calibration curve of a liquid pump (Masterflex, water). .................................... 245 
Figure A.4 Calibration curves of a mass flow controller (Bronkhorst #1): (a) 10% C3H6 in N2 
and (b) 50% C3H6 in N2. ........................................................................................................ 246 
Figure A.5 Calibration curve of a mass flow controller (Bronkhorst #2, pure N2)............... 246 
Figure A.6 Calibration curve of a liquid pump (Milton Roy, water). ................................... 247 
Figure B.1 Calibration curves for propene oxide. ................................................................ 248 
Figure B.2 Calibration curves for 1-methoxy-2-propanol. ................................................... 248 
Figure B.3 Calibration curves for 3-methoxy-1-propanol. ................................................... 249 
Figure B.4 Calibration curves for 1,2-propanediol............................................................... 249 
Figure B.5 Calibration curves for 1,2-propanediol............................................................... 249 
Figure C.1 Comparison of titration errors for 0.1 mol kg-1 (0.34 wt%) hydrogen peroxide 
solution: (a) hydrogen peroxide + water solution and (b) hydrogen peroxide + water + 
methanol solution. ................................................................................................................. 252 
Figure C.2 Accuracy of iodometric titration: (a) hydrogen peroxide + water solution and (b) 
hydrogen peroxide + water + methanol solution. .................................................................. 252 
Figure D.1 Determination of initial rate from the graph of propene oxide concentration with 
time. ....................................................................................................................................... 253 
Figure E.1 Langmuir–Hinshelwood and Eley–Rideal mechanism....................................... 254 
Figure F.1 Results of BET analysis of TS-1 catalyst. ........................................................... 257 
Figure F.2 Decomposition of hydrogen peroxide by reactor metal and TS-1 catalyst in a 
Büchi autoclave reactor. Conditions: 40 °C, 7 bar (N2), 0.35 wt% H2O2, 50 wt% CH3OH, 0.28 
g of TS-1, 1000 rpm stirring.................................................................................................. 257 
 19
Figure F.3 Reproducibility of experiments in a Büchi autoclave reactor. Reaction conditions: 
40 °C, 7 bar (10% C3H6/N2), 0.35 wt% H2O2, 50 wt% CH3OH, 0.28 g of TS-1, 1000 rpm 
stirring. .................................................................................................................................. 258 
Figure F.4 Effect of agitation speed on (a) hydrogen peroxide consumption and (b) propene 
oxide production. Reaction conditions: 40 °C, 7 bar (10% C3H6/N2), 0.35 wt% H2O2, 50 wt% 
CH3OH, 0.28 g of TS-1, 100–1500 rpm stirring. .................................................................. 258 
Figure F.5 Effect of catalyst loading on (a) hydrogen peroxide consumption and (b) propene 
oxide production. Reaction conditions: 40 °C, 7 bar (10% C3H6/N2), 0.35 wt% H2O2, 50 wt% 
CH3OH, 0.14–0.50 g of TS-1, 1000 rpm stirring. ................................................................. 259 
Figure F.6 Effect of initial hydrogen peroxide concentration on (a) propene oxide production 
and (b) selectivity to propene oxide. Reaction conditions: 40 °C, 7 bar (10% C3H6/N2), 0.17–
0.70 wt% H2O2, 50 wt% CH3OH, 0.28 g of TS-1, 1000 rpm stirring.................................... 259 
Figure F.7 Effect of initial propene partial pressure on (a) propene oxide production and (b) 
selectivity to propene oxide. Reaction conditions: 40 °C, 3–8 bar (10% C3H6/N2), 0.35 wt% 
H2O2, 50 wt% CH3OH, 0.28 g of TS-1, 1000 rpm stirring.................................................... 260 
Figure F.8 Effect of solvents on propene oxide production. Reaction conditions: 40 °C, 7 bar 
(10% C3H6/N2), 0.35 wt% H2O2, 0–100 wt% solvent, 0.12 g of TS-1, 1000 rpm stirring. ... 261 
Figure F.9 Effect of concentration of reactants and methanol on propene oxide production. 
Reaction conditions: (a) 40 °C, 3.5 bar (PC3H6), 3.5 wt% H2O2, 0–100 wt% CH3OH, 0.12 g of 
TS-1, 1000 rpm stirring, and (b) 40 °C, 4.2 bar (PC3H6), 2.1 wt% H2O2, 0–100 wt% CH3OH, 
0.12 g of TS-1, 1000 rpm stirring.......................................................................................... 263 
Figure F.10 Decomposition of hydrogen peroxide over various precious metal containing TS-
1 catalysts in a Büchi autoclave reactor. Conditions: 40 °C, 7 bar N2, 0.35 wt% H2O2, 50 wt% 
CH3OH, 0.28 g of catalyst, 1000 rpm stirring. ...................................................................... 263 
Figure F.11 Propene oxide yields over various precious metals containing TS-1 catalysts. 
Reaction conditions: 40 °C, 7 bar (10% C3H6/N2), 0.35 wt% H2O2, 50 wt% CH3OH, 0.28 g of 
catalyst, 1000 rpm stirring. .................................................................................................... 264 
 20
Figure F.12 Decomposition of hydrogen peroxide over Au and Pd solution. Conditions: 40 °C, 
7 bar N2, 0.35 wt% H2O2, 50 wt% CH3OH, 0.57g of 1 wt% HAuCl4·3H2O solution or 0.48 g 
of 1 wt% PdCl2 solution, 1000 rpm stirring. ......................................................................... 264 
Figure F.13 Conversion of propene oxide over Au and Pd solution. Reaction conditions: 
40 °C, 7 bar N2, 0.35 wt% H2O2, 50 wt% CH3OH, 0.5 wt% C3H6O, 0.57g of 1 wt% 
HAuCl4·3H2O solution or 0.48 g of 1 wt% PdCl2 solution, 1000 rpm stirring. .................... 265 
Figure F.14 Decomposition of hydrogen peroxide over Au/TS-1 catalysts prepared by 
impregnation (reduction) and sol immobilisation. Conditions: 40 °C, 7 bar N2, 0.35 wt% H2O2, 
50 wt% CH3OH, 0.28 g of catalyst, 1000 rpm stirring.......................................................... 265 
Figure F.15 Decomposition of hydrogen peroxide in the reactor system for propene 
epoxidation at atmospheric pressure. Condition: 40 °C, 1.0 g of TS-1 coating (monolith 
reactor), cocurrent upward & semi-batch operation, VG = 0.071 m s-1 (N2), VL = 0.044 m s-1 
(H2O2 0.35 wt%, CH3OH 50 wt%, H2O 49.65 wt%)............................................................. 266 
Figure F.16 Reproducibility of experiments in the reactor system for propene epoxidation at 
atmospheric pressure. Reaction condition: 40 °C, 1.0 g TS-1 of coating (monolith reactor), 
cocurrent upward & semi-batch operation, VG = 0.071 m s-1 (10% C3H6/N2), VL = 0.044 m s-1 
(H2O2 0.35 wt%, CH3OH 50 wt%, H2O 49.65 wt%)............................................................. 266 
Figure F.17 Concentration of propene oxide in a monolith reactor at atmospheric pressure. 
Reaction condition: 40 °C, 1.0 g TS-1 coating, cocurrent upward & semi-batch operation, VG 
= 0.0355–0.142 m s-1 (10% C3H6/N2), VL = 0.022–0.088 m s-1 (H2O2 0.35 wt%, CH3OH 50 
wt%, H2O 49.65 wt%). .......................................................................................................... 267 
Figure F.18 Selectivity to propene oxide after 5 h in a monolith reactor at atmospheric 
pressure. Reaction condition: 40 °C, 1.0 g of TS-1 coating, cocurrent upward & semi-batch 
operation, VG = 0.0355–0.142 m s-1 (10% C3H6/N2), VL = 0.022–0.088 m s-1 (H2O2 0.35 wt%, 
CH3OH 50 wt%, H2O 49.65 wt%)......................................................................................... 267 
Figure F.19 Effect of propene feed concentration on selectivity to propene oxide in a CTF 
reactor at atmospheric pressure. Reaction conditions: 40 °C, 1.0 g of TS-1 coating, cocurrent 
 21
upward & semi-batch operation, VG = 0.071 m s-1 (10–30% C3H6), VL = 0.044 m s-1 (H2O2 
0.35 wt%, CH3OH 50 wt%, H2O 49.65 wt%). ...................................................................... 268 
Figure F.20 Concentration of propene oxide in a CTF reactor at atmospheric pressure. 
Reaction condition: 40 °C, 1.0 g of TS-1 coating, cocurrent upward & semi-batch operation, 
VG = 0.0355–0.142 m s-1 (10% C3H6/N2), VL = 0.022–0.088 m s-1 (H2O2 0.35 wt%, CH3OH 
50 wt%, H2O 49.65 wt%). ..................................................................................................... 268 
Figure F.21 Selectivity to propene oxide after 5 h in a CTF reactor at atmospheric pressure. 
Reaction condition: 40 °C, 1.0 g of TS-1 coating, cocurrent upward & semi-batch operation, 
VG = 0.0355–0.142 m s-1 (10% C3H6/N2), VL = 0.022–0.088 m s-1 (H2O2 0.35 wt%, CH3OH 
50 wt%, H2O 49.65 wt%). ..................................................................................................... 269 
Figure F.22 Decomposition of hydrogen peroxide in the reactor system for propene 
epoxidation at high pressure. Condition: 40 °C, 1 bar, 1.0 g of TS-1 coating (CTF reactor), 
cocurrent upward & semi-batch operation, VG = 0.071 m s-1 (N2), VL = 0.044 m s-1 (H2O2 0.35 
wt%, CH3OH 50 wt%, H2O 49.65 wt%). .............................................................................. 270 
Figure F.23 Reproducibility of experiments in the reactor system for propene epoxidation at 
high pressure. Reaction condition: 40 °C, 1 bar, 1.0 g of TS-1 coating (CTF reactor), 
cocurrent upward & semi-batch operation, VG = 0.071 m s-1 (10% C3H6/N2), VL = 0.044 m s-1 
(H2O2 0.35 wt%, CH3OH 50 wt%, H2O 49.65 wt%)............................................................. 270 
 
 
 
 
 
 
 
 
 
 
 22
LIST OF TABLES 
Table 2.1 Molar reagent ratios in preparation of TS-1 [4]. ..................................................... 42 
Table 2.2 Empirical correlations for liquid film thickness [127]. ........................................... 67 
Table 2.3 Summary of CFD studies of Taylor flow in capillaries........................................... 75 
Table 4.1 Summary of BET analysis results of TS-1 catalyst............................................... 102 
Table 4.2 Influence of the ratio of TS-1 to silica on the durability of catalyst coating..........110 
Table 5.1 Calculation results for liquid–solid mass-transfer limitations............................... 120 
Table 5.2 Calculation results for internal mass-transfer limitations. .................................... 121 
Table 5.3 Henry’s law constants of propene in water and methanol at 40 °C [173-175]...... 130 
Table 5.4 Additional measurement of initial rates. ............................................................... 131 
Table 5.5 Statistical results of kinetic parameters. ................................................................ 132 
Table 5.6 Kinetic parameters with 95% confidence intervals for L–H single-site and dual-site 
models at 40 °C. .................................................................................................................... 133 
Table 5.7 Comparison of conditions used for investigations into the effect of methanol 
content. .................................................................................................................................. 134 
Table 5.8 Henry’s law constants, dielectric constants and dipole moments of various solvents.
............................................................................................................................................... 137 
Table 5.9 Kinetic parameters with 95% confidence intervals for L–H single-site and dual-site 
models obtained in various solvents at 40 °C........................................................................ 141 
Table 7.1 Gas superficial velocities (VG) and liquid superficial velocities (VL) for operating 
conditions of a monolith reactor. ........................................................................................... 164 
Table 7.2 Summary of studies of Taylor flow in vertical tubes. ........................................... 168 
Table 8.1 Hydrodynamic data of a monolith and a CTF reactor at atmospheric pressure. ... 197 
Table 9.1 Hydrodynamic data at high pressures in a monolith and a CTF reactor column. ..211 
Table 9.2 Experimental cases for various structures of reactor column................................ 216 
 23
 Table B.1 Retention times and response factors of propene oxide and byproducts.............. 250 
Table F.1 Statistical results of kinetic parameters for various solvents. ............................... 262 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 24
NOMENCLATURE 
a  interfacial area per unit volume [m-1] 
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tD  tube diameter [m] 
g  gravitational acceleration [m s-2] 
iEH ,  Henry’s law constant of propene for solvent i [mol L-1 atm-1] 
k  reaction rate constant [mol L-1 gcat-1 min-1] 
ck  mass-transfer coefficient [m s-1] 
GLk  mass-transfer coefficient from gas to liquid [m s-1] 
GSk  mass-transfer coefficient from gas to solid [m s-1] 
LSk  mass-transfer coefficient from liquid to solid [m s-1] 
overallk  overall mass-transfer coefficient [m s-1] 
iK  adsorption equilibrium constant of species i [L mol-1] 
1k  reaction rate constant for a first-order reaction [m s-1] 
dl  distance between infra-red detectors [m] 
LSL  liquid slug length [m] 
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tL  tube length [m] 
TBL  Taylor bubble length [m] 
UCL  unit cell length,  LSTBUC LLL   [m] 
m  scaling factor [–] 
BM  molecular weight of solvent B [g mol-1] 
n  reaction order [–] 
N  rotational speed of agitator [s-1] 
in  number of moles of species i [mol] 
0
in  initial number of moles of species i [mol] 
0P  initial partial pressure [bar] or [atm] 
iP  pressure of species i [bar] or [atm] 
GQ  volumetric flow rate of gas [mL min-1] 
LQ  volumetric flow rate of liquid [mL min-1] 
R  catalyst particle radius [m] 
0r  initial reaction rate 
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or [mol L-1 gcat-1 min-1] 
'
Ar  rate of reaction [kmol kgcat
-1 s-1]  
aS  internal surface area per unit mass [m2 g-1] 
iS  selectivity to product i [–] 
T  temperature [K] 
jit ,  time i at infra-red detector j [s] 
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LSU  liquid slug rise velocity [m s-1] 
mU  mean flow velocity, LGm VVU   [m s-1] 
TBU  Taylor bubble rise velocity [m s-1] 
AV  molar volume of solute A [cm3 mol-1] 
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LV  liquid superficial velocity [m s-1] 
0w  initial catalyst loading [g] 
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  dimensionless length, tLS DL /  [–] 
f  liquid film thickness [m] 
  gas injection ratio [–] 
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p  porosity of catalyst particle [–] 
  association factor of solvent [–] 
i  volume fraction of solvent i in a solvent mixture [–] 
1  Thiele modulus for a first-order reaction  [–] 
  dimensionless length, tt DL /  [–] 
  internal effectiveness factor [–] 
B  viscosity of solvent B [cP] or [kg m-1 s-1] 
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  kinematic viscosity of solvent, BB  /  [m2 s-1] 
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G  gas density [kg m-3] 
L  liquid density [kg m-3] 
p  density of catalyst particle [kg m-3] 
  constriction factor of catalyst particle [–] 
L  liquid surface tension [N m-1] 
2  variance [–] 
  tortuosity of catalyst particle [–] 
 
   
Dimensionless numbers  
Ca  Capillary number, LTBLUCa  /  [–] 
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öE  Eötvös number,  LtGL gDE  /)(ö 2 [–] 
Re  Reynolds number, LLTBtUD  /Re   [–] 
Sc  Schmidt number, LML DSc  /  [–] 
Sh  Sherwood number, MTBc DdkSh /  [–] 
We  Weber number,  LtTBL DUWe  /2 [–] 
   
Abbreviations   
BET Brunauer-Emmett-Teller  
CFD computational fluid dynamics  
CTF confined Taylor flow  
FT-IR Fourier transform infrared  
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L–H Langmuir–Hinshelwood  
PFA perfluoroalkoxy  
PO propene oxide  
RSS residual sum of squares  
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 1 INTRODUCTION 
This chapter presents the research background, the aims and objectives of this research, 
and the structure of this thesis. 
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1.1 Background 
Catalytic selective oxidation processes have played an important role in a large segment 
of the modern chemical and petrochemical industry. More than 60% of the chemicals and 
intermediates produced via catalytic processes are known as products of selective oxidation [1, 
2], and tremendous research efforts are still devoted towards the development of catalysts and 
chemical processes with enhanced performance to utilise natural resources more effectively in 
response to the decline of crude oil reserves and the increase of public interests in well-being 
and environment. 
The most important industrial application of selective oxidation catalysis is the 
functionalisation of hydrocarbons to synthesise a variety of monomers and useful chemical 
intermediates. A large amount of monomers have been synthesised by catalytic oxidation for 
the production of fibre, rubber, plastics and polymer products. One of the recent trends of 
technology development in industrial catalytic selective oxidation is the use of alternative 
oxidising agents and the reduction of the number of process steps, which allows its process to 
avoid the use of toxic chemicals, reduce or eliminate the generation of coproducts, minimise 
the risks and cost of environmental control, and maximise process flexibility and economic 
feasibility. From these aspects, a prime example of the trend is the propene oxidation for the 
production of propene oxide using hydrogen peroxide which is used as an oxidising agent in 
place of traditional oxygen-donating species. 
Propene oxide is one of the important chemical intermediates in the chemical industry. 
As such, it has been produced on a large scale mainly through two different types of 
commercial processes for several decades: the chlorohydrin process and the 
hydroperoxidation process. However, both of these processes have multiple reaction steps and 
several essential disadvantages: the chlorohydrin process suffers from environmental 
liabilities caused by a toxic oxidant and waste. On the other hand, the economy of the 
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hydroperoxidation process primarily depends on the marketability of coproducts which are 
generated 2–3 times more than propene oxide.  
Clerici and co-workers [3] first demonstrated in 1991 that titanium silicalite (TS-1) 
which was first patented by Enichem company in 1983 [4] can be used efficiently as a catalyst 
for the epoxidation of various olefins, including propene, using hydrogen peroxide as an 
oxidant. Since then, direct propene epoxidation with hydrogen peroxide has attracted much 
attention as a more environmentally benign and profitable chemical process because the 
reaction is carried out under mild conditions and only water is generated as byproduct. 
In 2009, the manufacturing joint venture between BASF and Dow Chemical started the 
operation of the world’s first commercial-scale propene oxide plant based on hydrogen 
peroxide [5]. However, a number of studies are still being conducted and will be required to 
gain a better understanding of the catalysis via this route and, more importantly, develop more 
efficient reactor concepts.  
Traditionally in the chemical industry, several types of conventional reactors, namely 
stirred tank slurry, slurry bubble column and trickle-bed reactors, have been employed for 
catalytic multiphase reactions. In stirred tank slurry reactors, however, the mixing intensity is 
frequently non-uniform resulting in ineffective utilisation of reactor space and the necessity of 
fine catalyst particles separation from liquid products is unavoidable. In slurry bubble column 
reactors, serious back-mixing and complex hydrodynamic characteristics are of main concern. 
In a random packed-bed in trickle-bed reactors, maldistribution of reactants always occur, 
leading to local hot spots and even thermal runaway behaviour. As a result, structured reactors 
such as monolith have gained increasing importance in the field of multiphase catalysis as a 
promising alternative to the conventional reactors due to no need for catalyst separation, 
enhanced mass and heat transfer, low pressure drop and possibility of straightforward scale-up. 
A monolith reactor consists of a bundle of narrow channels which are made of metal or 
ceramic supports and catalyst materials are immobilised on its inside walls. The application of 
structured reactors to catalytic multiphase reactions is still very limited and most of the 
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studies remain in the laboratory and pilot scale but will be dramatically expanded in the recent 
future. 
In the end, it seems clear that the next generation after the hydrogen-peroxide-to-
propene-oxide (HPPO) process would be the direct gas-phase epoxidation of propene by 
oxygen or a mixture of oxygen and hydrogen, but currently available catalysts have severe 
difficulties in achieving sufficient activity for commercial application. 
 
1.2 Aims and Objectives 
The aim of this study was to provide the catalytic reaction engineering of propene 
epoxidation of propene to propene oxide using hydrogen peroxide as the oxidant and titanium 
silicalite (TS-1) as the catalyst under mild conditions. The heterogeneous catalytic 
epoxidation reaction has been studied in an autoclave reactor to gain a better understanding of 
its catalysis. This study has also investigated the possibility of producing propene oxide in a 
conventional monolith or a confined Taylor flow (CTF) reactor as part of a continuous 
process. The structure of CTF reactor is similar to that of monolith reactor, but a rod coated 
with catalyst materials is positioned in the centre of a reactor column. The objectives of the 
research can be summarised as follows: 
 
 The investigation into the reaction kinetics of the heterogeneous catalytic epoxidation of 
propene with hydrogen peroxide and methanol/water mixture solvent over TS-1 catalyst 
which is carried out in an autoclave reactor. 
 The investigation into the catalytic performance of TS-1 impregnated with precious metal 
nanoparticles such as gold and palladium to identify the effects of different kinds of 
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precious metals and treatment processes on the propene epoxidation and the 
decomposition of hydrogen peroxide. 
 The characterisation of hydrodynamics and the evaluation of a monolith reactor operating 
in a Taylor flow regime at atmospheric pressure for the propene epoxidation. 
 The characterisation of hydrodynamics and the evaluation of a CTF reactor operating in a 
Taylor flow regime at atmospheric pressure for the propene epoxidation. 
 The investigation into the propene epoxidation in pressurised monolith and CTF reactors. 
 The comparison of various reactor column structures for the propene epoxidation. 
 
1.3 Thesis Structure 
Chapter 2 provides a broad literature survey of the catalyst and process technologies 
relevant to the propene epoxidation. A brief description of the structure, hydrodynamics and 
mass-transfer phenomena of monolith reactor which has been used for multiphase chemical 
reactions is presented. 
Chapter 3 describes the materials used for the synthesis of catalysts and the 
experiments of propene epoxidation, as well as the experimental setups and procedures, 
chemicals analysis, and catalyst characterisation. 
Chapter 4 describes the synthesis procedures of catalysts and presents the results of 
catalyst characterisation. 
Chapter 5 provides the results of the kinetics studies of propene epoxidation with 
hydrogen peroxide and a solvent mixture of methanol and water over TS-1 catalyst in an 
autoclave reactor. Chapter 6 discusses the catalytic performances of precious metal containing 
TS-1 for the propene epoxidation in an autoclave reactor. 
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The heterogeneous catalytic epoxidation of propene that was investigated in structured 
reactors is discussed in Chapter 7 to 9. Chapter 7 presents the hydrodynamics and propene 
epoxidation under Taylor flow regime in a monolith reactor at atmospheric pressure. Chapter 
8 provides similar results gained in a CTF reactor. Finally, Chapter 9 extends these studies to 
high operating pressures and various reactor column structures. 
Chapter 10 presents the conclusion to the results achieved in this study, the significance 
and potential impacts of this research, and some recommendations for future work. 
 
 
 
 
 2 LITERATURE REVIEW 
There has been a vast amount of knowledge concerning catalysts and processes for 
propene oxide production. This chapter presents a broad review of the research outcomes 
related to the main themes of this study. 
This chapter starts with a brief introduction to propene and propene oxide industry. 
Conventional commercial processes and the state-of-the-art technologies for propene oxide 
production routes are then discussed. The preparation methods and the properties of titanium 
silicalite (TS-1) are reviewed and supported TS-1 catalysts for continuous reactor applications 
are introduced. TS-1 catalysts modified by precious metals are also reviewed for direct 
propene epoxidation. Finally, relevant monolith technologies used for multiphase reactions 
are discussed, reviewing the structure and characteristics of monoliths and summarising the 
findings of previous studies about the hydrodynamics and the mass-transfer phenomena of 
gas–liquid flow inside the monolith channels. 
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2.1 Introduction to Propene and Propene Oxide Industry 
Propene is an important petrochemical feedstock with the second largest volume after 
ethylene in the chemical industry. About 64% of the world’s propene is supplied as a 
coproduct of ethylene production in the steam cracking of naphtha and about 30% is supplied 
as a coproduct of gasoline and diesel production in the refinery fluid catalytic cracking (FCC) 
of gas oils [6]. Propene demand has increased rapidly at a growth rate of 4.7% a year and is 
expected to have reached more than 90 million tonnes in 2010 which is valued roughly at £20 
billion [7]. 
Propene has been used for the production of a variety of chemical products such as 
polypropene, acrylonitrile, propene oxide, cumene, acrylic acid, oxo-alcohols and isopropyl 
alcohols. Polypropene accounts for approximately more than 60% of global propene 
consumption [8]. The second outlet for propene is acrylonitrile and about 10% of propene is 
consumed for the production of propene oxide, which is therefore the third largest derivative 
of propene [9].  
In 2010, the annual global production of propene oxide is expected to be more than 7 
million tonnes which is valued approximately at £8 billion [10]. The propene oxide market is 
growing annually by 4–5% [9]. Propene oxide has been mainly used in the production of 
polyether polyols (65%), propene glycols (30%) and propylene glycol ethers (4%) [9]. Most 
of the polyether polyols are used to produce polyurethane foams. Propene glycols are used to 
produce mainly unsaturated polyester resins and propene glycol ethers have various 
applications as solvent in paints, coatings, inks, resins and cleaners. 
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2.2 Commercial Processes for Propene Oxide 
The propene oxide industry has traditionally employed two different types of 
commercial processes for several decades: the chlorohydrin process and the 
hydroperoxidation process. The trend of conventional propene oxide capacity share by 
process during 1970–2003 is shown in Figure 2.1 [11]. In the chlorohydrin process which has 
the longest history in the propene oxide industry, propene reacted with chlorine and lime 
water (Ca(OH)2) or caustic soda (NaOH) in two steps. On the other hand, the 
hydroperoxidation process starts with isobutane and propene and yields propene oxide and 
tert-butyl alcohol. A variation of the hydroperoxidation process begins with ethylbenzene 
instead of isobutane and produces styrene instead of tert-butyl alcohol. The hydroperoxidation 
process has seen an increasing share of total propene oxide capacity and achieved a similar 
share as the chlorohydrin process in 2000. However, these conventional processes need 
relatively large capital investment and have multiple reaction steps and several essential 
disadvantages. The chlorohydrin process suffers from environmental liabilities caused by the 
toxic oxidant and waste. For this reason, the hydroperoxidation process has gradually replaced 
the chlorohydrin process. However, the economy of the hydroperoxidation process primarily 
depends on the marketability of coproducts which are generated 2–3 times more than propene 
oxide. Therefore, Sumitomo Chemical has commercialised the cumene hydroperoxidation 
process to avoid the generation of coproducts. This process appeared in the market in 2003 as 
seen in Figure 2.1. 
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Figure 2.1 Propene oxide capacity share by process during 1970–2003 [11]. 
 
The chemical reactions included in the commercial propene oxide routes are 
summarised in Figure 2.2. As can be noticed, the development of new commercial process for 
propene oxide production will focus on reducing reactions steps, minimising the amount of 
coproducts and not using chlorine-based chemistry. 
 
 
(a) Chlorohydrin route 
 
(b) Isobutane hydroperoxidation route 
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(c) Cumene hydroperoxidation route 
Figure 2.2 Commercial routes for propene oxide production. 
 
2.3 Propene Epoxidation with Hydrogen Peroxide 
Recently, direct epoxidation of propene with ex situ or in situ produced hydrogen 
peroxide as an oxidant has attracted much attention as a more environmentally benign and 
profitable chemical process [9, 12-19]. In this approach, the reaction is carried out under mild 
conditions, and theoretically, only water is generated as byproduct (Figure 2.3). Even though 
the first commercial-scale propene oxide plant based on hydrogen peroxide by a joint venture 
company between BASF and Dow Chemical recently started its operation [20, 21], a number 
of studies are still being conducted to gain a better understanding of the catalysis and develop 
more efficient reactor concepts. 
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Figure 2.3 Hydrogen peroxide route for propene oxide production. 
 
2.3.1 Catalyst: Titanium Silicalite (TS-1) 
Researchers have reported that various catalysts are available for the selective oxidation 
of propene using hydrogen peroxide. However, titanium silicalite (TS-1) has been extensively 
investigated because it can promote the formation of propene oxide with a high selectivity of 
greater than 95% and a high hydrogen peroxide conversion approaching 100% [3, 12, 13, 19, 
22-29]. 
 
2.3.1.1 Synthesis 
The structure of silicalite was first prepared by Flanigen and colleagues [30] in 1978 
and the term “silicalite” was defined as a zeolite structure constituted by pure crystalline SiO2. 
Silicalite has hydrophobic and organophilic properties, which is different from aluminosilicate 
zeolites that are hydrophilic. Therefore, silicalite is known to absorb selectively organic 
molecules in the presence of water [30]. 
Clerici et al. [3] first demonstrated that TS-1 can be used efficiently as a catalyst for the 
epoxidation of olefins, including propene, using hydrogen peroxide. They reported that the 
experiments conducted at reaction temperatures between room temperature and 60 °C and a 
propene pressure of 4 atm in a semi-batch reactor showed a 97% maximum selectivity to 
propene oxide.  
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Clerici and co-workers [3] prepared TS-1 catalyst based on the method described in the 
original patent by Taramasso and co-workers [4] in 1983 which is presented in Figure 2.4. In 
this synthesis procedure, tetraethyl orthotitanate (TEOT) and tetraethyl orthosilicate (TEOS) 
are used as titanium and silicon sources, respectively, and tetrapropylammonium hydroxide 
(TPAOH) is used as a template. 
 
 
Figure 2.4 Synthesis procedures for titanium silicalite (TS-1) catalyst [4]. 
 
Taramasso et al. [4] suggested suitable composition ranges of TS-1 as shown in Table 
2.1, where Me and RN+ indicate an alkaline ion such as sodium or potassium and a 
nitrogenated organic cation from the organic base, respectively. It is well known that a small 
amount of alkaline ions can drastically decrease the activity of TS-1 catalyst [4, 31, 32]. 
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Table 2.1 Molar reagent ratios in preparation of TS-1 [4]. 
 molar reagent ratio preferably 
SiO2/TiO2 5 – 200 35 – 65 
OH–/TiO2 0.1 – 1.0 0.3 – 0.6 
H2O/SiO2 20 – 200 60 – 100 
Me/SiO2 0 – 0.5 0 
RN+/SiO2 0.1 – 2.0 0.4 – 1.0 
xTiO2·(1-x)SiO2 0.0005 < x < 0.04 0.01 < x < 0.025 
 
After the original patent, a variety of preparation methods have been attempted to find 
an easier synthesis method, improve the catalyst activity and reduce the cost of TS-1 
production by changing titanium and silica source and modifying its procedure. Kraushaar et 
al. [33, 34] reported that TS-1 catalyst could be prepared from ZSM-5 by aluminium leaching 
using hydrochloric acid and reaction with titaniumtetrachloride vapour at high temperatures. 
They claimed that this procedure gave catalytic properties similar to those of TS-1 prepared 
by the original hydrothermal method. 
It has been reported that the maximum mole fraction of titanium incorporated in the 
TS-1 framework is 0.025 (corresponding to Si/Ti molar ratio = 39) [31, 35-38]. Thangaraj et 
al. [31, 35, 36] synthesised TS-1 with a higher loading of titanium in the lattice framework 
(Si/Ti values up to less than 10) by reducing the rate of hydrolysis of alkoxides which results 
in avoiding the precipitation of titanium oxide outside the lattice. In this method, tetrabutyl 
orthotitanate was used as a titanium source because its hydrolysis rate is lower than that of the 
conventional tetraethyl orthotitanate. In addition, tetrabutyl orthotitanate was dissolved in 
anhydrous isopropyl alcohol to avoid the instantaneous hydrolysis of Ti-alkoxide to titanium 
oxide. The sequence of addition was also modified: a solution was prepared by adding 
tetrapropylammonium hydroxide to tetraethyl orthosilicate and then tetrabutyl orthotitanate 
dissolved in isopropyl alcohol was added to the solution. However, isopropyl alcohol should 
be distilled out before the subsequent crystallisation step because it tends to hold Ti species 
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out of the lattice framework. Therefore, Huang et al. [39] published a paper in 2010 about the 
replacement of isopropyl alcohol by ethanol, resulting in no need for distillation procedure. 
They claimed that TS-1 with a high content of Ti was synthesised without the presence of 
extra-framework Ti and exhibited a very high catalytic performance. 
Uguina et al. [40] and Srrano et al. [41] suggested a unique method for TS-1 synthesis, 
which was carried out by wetness impregnation of amorphous SiO2–TiO2 solids prepared by a 
sol–gel method with tetrapropylammonium hydroxide, to make the method simpler and 
reduce the synthesis time. This work was extended by Ahn et al. [42-44] applying microwave 
heating to the SiO2–TiO2 solids impregnated with tetrapropylammonium hydroxide to 
decrease the crystallisation time. 
Cheaper synthesis methods of TS-1 using tetrapropylammonium bromide and some 
bases to replace the expensive tetrapropylammonium hydroxide were reported by several 
researchers [45-47]. The TS-1 prepared by this method also exhibited catalytic performances 
which were similar to those of TS-1 prepared following the original patent. 
A new synthesis method of TS-1 by adding (NH4)2CO3 as a crystallisation-mediating 
agent was developed by Fan and colleagues [48]. They demonstrated that the Ti content inside 
the framework of TS-1 was significantly increased by the new method, leading to be a Si/Ti 
ratio as low as 39 which was smaller than the ratio of 58 achieved by previous researchers. 
Schuchardt et al. [49] argued that a higher loading of Ti in the framework as low as 10 via the 
method suggested by Thangaraj et al. [31, 35, 36] was not reproducible. This was also 
confirmed by Fan and colleagues [48]. 
Park and co-workers [19, 29] improved the conversion of hydrogen peroxide and the 
selectivity to propene oxide using TS-1 catalysts which were synthesised in the presence of 
polymethylmethacrylate (PMMA) and polystyrene (PS) to increase the hydrophobicity of 
catalyst. 
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2.3.1.2 Selectivity, Activity and Regeneration 
Clerici et al. [3] improved the selectivity and activity for propene epoxidation by 
pretreating TS-1 with a basic solution of sodium acetate. They explained that sodium ions 
neutralised the acidic sites of TS-1 which are known to promote the formation of byproducts 
from propene oxide. Following this study, Thiele and Roland [22] investigated some factors 
affecting the relationship between catalyst activity and selectivity to propene oxide and the 
mechanism of catalyst activity loss to develop an efficient regeneration method. They 
improved the selectivity without loss of activity by pretreating the catalyst with neutral or 
acidic salts and regenerated the deactivated catalyst by refluxing with dilute hydrogen 
peroxide. In contrast with the results gained by Clerici and colleagues [3], basic solutions 
improved the selectivity but significantly reduced the activity of TS-1 catalyst. However, 
Wang et al. [50] reported a similar result to the paper by Clerici et al. [3] that a suitable 
amount of base led to high activity and selectivity. 
Chen et al. [12] evaluated four different titanium containing silicates to investigate the 
effect of catalyst structure on its catalytic performance. They claimed that MFI structure and 
pore diameter were the most important factors in determining the activity of titanium 
containing silica. In the case of TS-1, its catalytic performance and selectivity to propene 
oxide were highly dependent on the ratio of Si/Ti and catalyst acidity, respectively. They 
suggested an efficient catalyst regeneration method of calcination in air at 550 °C. The 
importance of maximising the loading of framework titanium in TS-1 catalyst was also 
confirmed by Mantegazza and colleagues [23].  
Wang et al. [16] focused on the deactivation and regeneration of TS-1 catalyst. They 
demonstrated that the deactivation of TS-1 catalyst was caused mainly by blocking 
micropores by bulky byproducts formed through reactions of propene oxide with solvents. 
Similar to previous studies, they also confirmed that calcination in air at 550 °C and washing 
with dilute hydrogen peroxide were the most efficient methods to recover the catalyst activity. 
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2.3.1.3 Supported TS-1 Catalyst 
The catalytic performance of TS-1 catalyst has been investigated mostly in autoclave 
reactors. For industrial continuous applications using tubular or fixed-bed reactor, it is an 
essential step to shape nanoscaled TS-1 powders into bodies with a suitable size and 
mechanical strength. However, only a limited number of studies about the application of TS-1 
catalyst to fixed-bed reactors have been conducted. Even in a batch reactor, the size of TS-1 
needs to be increased to facilitate the separation and regeneration of catalyst. 
The Enichem company, which first patented TS-1 catalyst in 1983 [4], also patented a 
preparation method of TS-1 microspheres with a diameter range from 5 to 1000 µm using 
oligomeric silica and TS-1 crystals [51]. They claimed that the TS-1 microspheres obtained as 
a three-dimensional lattice by crosslinking of oligomers exhibited an improvement of catalyst 
activity as well as a high mechanical strength. However, Li et al. [25] criticised that the 
Enichem’s method is complicated and expensive. Instead, they suggested two moulding 
methods to gain strip and lamina shape TS-1 catalysts which were produced by extruding 
method and spraying method, respectively. As a support, SiO2 exhibited a better performance 
than Al2O3 because of strong acidity of Al2O3. The lamina TS-1 catalyst showed a higher 
activity and selectivity due to shorter diffusion path through a thin TS-1 layer of 0.1–0.2 mm. 
Ahn et al. [43] attempted to fabricate a TS-1 monolith using polyurethane foam as an 
infiltration medium of the synthesis gel without inorganic binders. They reported that most of 
the chemical properties were similar to those of TS-1 powders except crystal morphology. The 
1–2 micron-sized hexagonal shaped TS-1 crystals that were formed inside polyurethane foam 
led to a decrease of catalyst activity and selectivity due to an increase of diffusion resistance. 
Yip and co-workers [52] developed a clay-based TS-1 composite which was prepared 
by crystallising TS-1 on and between bentonite layers. In the composite, TS-1 crystals were 
firmly settled on the bentonite surface. Due to its increased size (microscaled), the TS-1 
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composite used in a batch reactor could be recovered simply by centrifuging for its activity 
regeneration. 
Recently, Serrano et al. [53] investigated the extrusion process of TS-1 catalyst to test 
inorganic and organic binders and optimise its extrusion procedure. It is known that inorganic 
and organic binders provide the mechanical strength and suitable viscosity of catalyst paste 
for extrusion, respectively. They achieved a stable and good performance, 97% hydrogen 
peroxide conversion and 80% propene oxide selectivity, in a fixed-bed reactor. 
 
2.3.2 Reaction Mechanism 
The mechanism of propene epoxidation with hydrogen peroxide over TS-1 catalyst 
proposed by Clerici et al. [28, 54] has been generally accepted (Figure 2.5). In this 
mechanism, a Ti-hydroperoxide (Ti-OOH) species is formed by a reaction of hydrogen 
peroxide with Ti element. Then, a molecule of protic solvent such as alcohol or water is 
adsorbed on the species, and thus stabilises the hydroperoxide by forming a five-membered 
cyclic structure which is directly active for the propene epoxidation. The coordinated ligand 
of protic solvent also increases the electrophilicity of the distal peroxide oxygen through a 
hydrogen bond, so the peroxy oxygen adjacent to Ti is transferred to the double bond of 
approaching propene molecules. Simultaneously, a Ti-alkoxide (Ti-OR) and a water molecule 
are produced in this step. Finally, a propene oxide molecule is desorbed from the Ti site and 
an active species is recovered by the reaction of Ti-alkoxide with hydrogen peroxide. 
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Figure 2.5 Mechanism of propene epoxidation with hydrogen peroxide over TS-1 catalyst 
[28]. 
 
2.3.3 Influence of Reaction Conditions 
Reaction conditions such as reaction temperature, pressure and solvent have a 
significant impact on the reaction kinetics of propene epoxidation and the selectivity to 
propene oxide. In particular, the solvent plays an important role in the propene epoxidation 
because the nature of solvent determines the solubility of propene in the liquid phase, the 
relative reaction rate of solvent oxidation against propene epoxidation, and the stability of 
active intermediates. Clerici et al. [3] demonstrated that methanol and methanol/water mixture 
were the best solvents due to the fast main reaction and the low reaction rate of methanol 
oxidation to formaldehyde, but the reaction rate in the methanol/water mixture considerably 
decreased when the water concentration was above 50 wt%. Thiele et al. [22] also concluded 
that the highest activity was obtained in methanol and reported the order of activity as 
follows: methanol > methyl acetate > acetone > acetonitrile > tert-butanol > 2-butanone > 
tetrahydrofuran. 
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Chen et al. [12] investigated the influence of reaction temperature (0, 25, 40 °C) and 
methanol/water ratio. It was observed that the reaction rate increased slightly with an increase 
in temperature but the selectivity to propene oxide decreased from 100 to 95.1%. Furthermore, 
hydrogen peroxide was found to decompose at 40 °C. Regarding the effect of solvent, the 
reaction rate was the highest in pure methanol and still high in 50% methanol in water. 
However, the reaction rate became quite low when the water content further increased as 
observed by Clerici et al. [3]. They claimed that the selectivity was barely dependent on the 
methanol/water ratio.  
Wang et al. [50] confirmed the same trend with regard to the water content as previous 
studies and suggested the order of activity as follows: methanol > ethanol > isopropanol > n-
propanol > acetone. They also mentioned about the order of activity of alcohol oxidation over 
TS-1 catalyst: methanol < ethanol < n-propanol < isopropanol. The high reaction rate in 
methanol was explained by the high concentration of propene and the fast epoxidation in 
methanol medium through Ti-OOH complex formed on the titanium element of TS-1. Liu et 
al. [27] extended the study by Wang et al. [50], suggesting the order of activity of methanol > 
ethanol > isopropanol > acetone > acetonitrile > tert-butanol. In protic solvents, the activity 
and the selectivity over TS-1 catalyst decreased with increasing size of the alcohols. This 
result was explained by the fact that the electrophilicity of the Ti-OOH intermediates 
decreases and the steric constraints of five-membered cyclic species formed by hydrogen 
peroxide and alcohol molecule on TS-1 catalyst increases as the length of alcohol molecule 
increases [55, 56]. Also, longer chain of alcohol molecule makes it difficult to diffuse out of 
TS-1 catalyst pores, leading to further reactions to byproducts. On the other hand, in aprotic 
solvents, it is impossible to form the active five-membered cyclic structure and therefore the 
rate of propene epoxidation is generally low. However, the selectivity to propene oxide in 
aprotic solvents is close to 100% because aprotic solvents do not play a role as nucleophile to 
attack the epoxide ring. Li et al. [26] also tested various solvents for the propene epoxidation 
to investigate the activity of TS-1. For protic solvents, the activity decreased as methanol > 
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ethanol > n-propanol > isopropanol > 2-methylpropan-2-ol. For aprotic solvents, the activity 
decreased as acetonitrile > acetone > 2-butanone > tetrahydrofuran. They pointed out that the 
activity of propene epoxidation increases with the increase of solvent polarity by making it 
easier for the oxygen atom to transfer to propene. Therefore, the order of activity of the protic 
and aprotic solvents was identical to the order of magnitude of dielectric constant of solvents. 
Li et al. [26] carried out additional experiments to inspect the effect of reaction temperature in 
the range of 50–90 °C. They reported that the conversion of hydrogen peroxide increased 
from 31.83% at 50 °C to 98.33% at 90 °C while the selectivity to propene oxide remained 
constant over 98%. However, a large amount of hydrogen peroxide is expected to decompose 
at higher temperatures so high temperature is not recommendable to achieve high yield of 
propene oxide. 
Cheng et al. [57] investigated the effect of reaction temperature from 40 to 60 °C on the 
performance of TS-1 catalyst and suggested that the optimum temperature was 45 °C because 
hydrogen peroxide conversion was almost the highest at this temperature (95.3%) and the 
selectivity to propene oxide decreased above this temperature from 97.97% at 45 °C to 77.63 
at 60 °C. 
Zhang et al. [58] reported an interesting results after testing various solvents such as 
methanol, 1,2-dichloroethane, tetrachloromethane and methylbenzene without the presence of 
water. 96.8% hydrogen peroxide conversion and 93% propene oxide selectivity were obtained 
in pure methanol while the hydrogen peroxide conversion and the propene oxide selectivity 
increased to 97.8% and 99.4%, respectively, in methanol/1,2-dichloroethane mixture. It was 
explained that 1,2-dichloroethane suppressed the decomposition of hydrogen peroxide and the 
formation of byproducts. 
Wu et al. [59] scrutinised eight factors in relation to the effect of solvents on the 
propene epoxidation: the electronic effect, the steric effect, the solvent polarity, the sorption 
and diffusion of reactant, the oxidation of alcohol, the side reactions from propene oxide, the 
deactivation of TS-1 and the solubility of propene. It was concluded that the electronic effect, 
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steric effect and the polarity of solvent were major factors to be considered for the choice of 
solvent. 
  
2.4 Future Processes for Propene Oxide 
Major chemical companies as well as a joint venture company between BASF and Dow 
Chemical which is mentioned in Section 2.3 have worked together since the early 2000s to 
bring the hydrogen peroxide-to-propene oxide (HPPO) technology to the market. Great efforts 
are also being made by on-going collaborations between Dow Chemical and Solvay, Degussa 
and Krupp-Uhde, and so on [20, 21, 60]. However, from a green chemistry point of view, 
employing ex situ produced hydrogen peroxide is less attractive because of the use of toxic 
chemicals and generation of a large amount of waste in the current process for hydrogen 
peroxide production, the anthraquinone autooxidation (AO) process [61]. Moreover, hydrogen 
peroxide produced via this process has remained relatively expensive. As a result, direct gas-
phase epoxidation routes for propene oxide using in situ generated hydrogen peroxide or 
molecular oxygen only have gained more attention because high production rates can be 
achieved in continuous reactors without mass-transfer limitations. Also, various, more 
convenient catalyst and process engineering technologies can be employed for the gas-phase 
epoxidation. 
It seems that the direct gas-phase epoxidation of propene using oxygen or a mixture of 
oxygen and hydrogen might take over the next generation after the hydrogen peroxide-based 
propene oxide process, but currently available catalysts have serious difficulty in attaining 
sufficient conversion for commercial applications [9, 16, 18, 62-69]. In this section, the 
liquid-phase propene epoxidation using in situ generated hydrogen peroxide, the gas-phase 
propene epoxidation using hydrogen and oxygen and the gas-phase propene epoxidation using 
oxygen only will be reviewed as future processes for propene oxide. 
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2.4.1 Liquid-phase Propene Epoxidation with Hydrogen and Oxygen 
Several attempts have been made to utilise hydrogen peroxide produced in situ from a 
mixture of hydrogen and oxygen gas in an aqueous epoxidation process [61, 70-76]. For this 
purpose, TS-1 catalyst modified by impregnation of precious metals such as palladium and 
platinum has been used to generate hydrogen peroxide and oxidise propene at the same time. 
Hölderich and colleagues [13, 70-73, 75] investigated the H2–O2 system for the liquid-
phase epoxidation of propene over Pd or Pd–Pt impregnated TS-1 catalysts, mainly focusing 
on the effects of various reduction methods and loadings of Pt on the catalytic performance. 
They reported that calcination in oxygen or air which was carried out prior to reduction had 
no beneficial effect on the performance of catalyst. The propene oxide yield and selectivity 
were improved by reducing the catalyst under pure nitrogen and adding a suitable amount of 
platinum as a promoter. However, the Pd/TS-1 catalyst reduced in hydrogen was less effective 
and further addition of Pt over 0.02% led to a sharp decrease of propene oxide selectivity and 
yield because an excessive amount of Pt changed the size of Pd clusters without increasing 
the fraction of Pd(II) species. They claimed that Pd agglomeration on the TS-1 surface and 
high fraction of Pd0 species had a detrimental effect on the formation of propene oxide. 
Therefore, the autoreduction at 150 °C in pure nitrogen was the best reduction method 
because Pd agglomeration and the formation of Pd0 were promoted by reduction in hydrogen 
atmosphere and at high temperature. The activity decrease of TS-1 impregnated with 
(Pd(NH3)4)Cl2 was explained by the blocking of active Ti sites by ammonia, because no 
activity decrease was observed over TS-1 impregnated with PdCl2. In an autoclave reactor, 
11.7% propene oxide yield with 46% selectivity was achieved over 1% Pd–0.02% Pt/TS-1 
catalyst [70]. In a paper published by Laufer and Hölderich [75], the propene oxide selectivity 
was reported to reach as high as 71% at propene conversion of 21% over 1% Pd and 0.01% Pt 
on TS-1, which was also autoreduced at 150 °C under pure nitrogen atmosphere, in a semi-
batch reactor. The selectivity was increased up to 90% using alcohols such as methanol and 
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isopropanol or ketone such as acetone as solvent for the impregnation of precious metals, 
while the conversion dropped from 21% to 6%.  
Jenzer et al. [74] investigated the generation of propene oxide over Pd–Pt/TS-1 
catalysts with hydrogen peroxide produced from a hydrogen/oxygen mixture in a continuous 
fixed-bed reactor under high pressure conditions. They reported that the production rate of 
propene oxide increased when carbon dioxide was used as the diluent gas instead of nitrogen. 
They reported that the nature of carbon dioxide solvent was not clear, but proposed that the 
increase in propene oxide yield was attributed to enhanced mass transfer of reactants to the 
catalyst active sites by carbon dioxide.   
Beckman et al. [14, 76] discovered that carbon dioxide could be an efficient solvent for 
the propene epoxidation in the H2–O2 system even when there was no methanol/water solvent. 
This is an important finding because the methanol/water solvent is a major source of the 
byproducts in the propene epoxidation. In 2008, Chen and Beckman [61] demonstrated that a 
23% propene oxide yield with 82% selectivity was achieved over (0.2% Pd + 0.02% Pt)/TS-1 
catalyst using compressed carbon dioxide as a solvent and ammonium acetate as a side 
reaction inhibitor in a high pressure reactor including a small amount of methanol and water 
as co-solvents. In their one-pot experiment, 60 °C and 125 bar were applied for the reaction 
temperature and pressure, respectively. This result can be considered as one of distinguished 
achievements in the studies into the H2–O2 system for the liquid-phase epoxidation of propene 
because a propene oxide yield over 20% with greater than 80% selectivity was obtained for 
the first time. 
 
2.4.2 Gas-phase Propene Epoxidation with Hydrogen and Oxygen 
In 1998, Au/TiO2 catalyst for the gas-phase propene epoxidation in the presence of 
hydrogen and oxygen was introduced for the first time by Haruta’s research group [77]. They 
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reported that propene oxide was produced with high selectivities over 90% and conversions of 
1–2% at temperatures between 30–120 °C and atmospheric pressure when gold nanoparticles 
smaller than 4 nm was deposited on TiO2 by a deposition–precipitation method. The 
dependency of reaction rate on the propene concentration was insignificant while the reaction 
rate increased linearly with increasing concentrations of hydrogen and oxygen. An unusual 
behaviour of Au/TiO2 catalyst about the effect of gold loading was observed that the reaction 
product switched from propene oxide to propane when gold loading was decreased to 0.1 
wt%.  
Since the discovery of gold catalysis, a great deal of research has been conducted to 
improve the performance of gold catalysts for the direct epoxidation of propene. According to 
Sinha et al. [62], in particular, efficient gold catalysts can be developed by considering four 
important factors in the preparation: gold deposition method, support material, gold particle 
size and additive.  
Nijhuis and colleagues [78] suggested that TS-1 could be a promising support material 
for gold because Au/TS-1 showed a high resistance to deactivation which led to the slight rise 
of propylene oxide yield and higher selectivities (> 99%). Nevertheless, the propene oxide 
yield still remained low (below 2%) because an oligomerisation of propene oxide might occur 
at high propene oxide partial pressures. According to a paper published by Liu et al. [79] in 
2009, the propene conversion could be increased from 1.6% to 4% over Au/TS-1 catalyst 
when TS-1 was modified with Ge(IV) species. 
In addition, until recently, Nijhuis et al. [65, 80-85] has published a number of papers 
about the direct epoxidation using a mixture of hydrogen and oxygen. They reported that the 
deactivation rate of Au/TiO2 catalyst could be reduced without a significant loss of activity by 
adding a small quantity of water to the feed, which was due to the competitive adsorption 
between water and propene oxide which lowers the concentration of propene oxide absorbed 
on the titania [81]. They also scrutinised the role of gold in the propene epoxidation [82] and 
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extended their research to present a reaction mechanism of the propene epoxidation over 
Au/TiO2 catalyst [65, 80, 83]. 
Haruta et al. [77] demonstrated that Pd/TiO2, Pt/TiO2, Cu/TiO2 and Ag/TiO2 have no 
catalytic activity for the propene epoxidation with hydrogen and oxygen. On the contrary, de 
Oliveira et al. [86] argued that 2 wt% Ag/TiO2 calcined at 400 °C exhibited an activity and a 
selectivity comparable to Au/TiO2. It was also confirmed by Wang et al. [87] that silver was 
active for the propene epoxidation when supported on TS-1. 0.92% propene conversion and 
91.21% selectivity to propene oxide were obtained over 2 wt% Ag/TS-1 at 150 °C and a space 
velocity of 3000 h-1 in a fixed-bed reactor. 
The Haruta’s group also investigated Ti-MCM-41 and Ti-MCM-48 as supports for gold 
nanoparticles and optimised the catalyst preparation conditions [88-91]. They claimed that 
Au/Ti-MCM-48 showed a higher propene conversion of 5.6% and propene oxide selectivity 
of 92% than those of Au/Ti-MCM-41 [89]. Chowdhury et al. [92] including Haruta reported 
that a propene conversion of 8.5% and a propene oxide selectivity of 91% with a hydrogen 
efficiency of 35% were obtained over Au/Ti-SiO2 catalyst at 150 °C using Ba(NO3)2 on the 
catalyst as a solid-phase promoter and trimethylamine in the feed gas as a gas-phase promoter.  
Zwijnenburg et al. [93] tested Au/TiO2/SiO2 catalyst modified with Pt, which showed a 
better performance in that the formation of water markedly decreased while the activity 
remained almost the same. In another paper by Zwijnenburg et al. [64], the low propene oxide 
yield which was limited to about 2% over Au/TiO2/SiO2 catalyst was explained by product 
inhibition.  
It is worthy of attention that most studies in the gas-phase propene epoxidation using 
hydrogen and oxygen have only been carried out in conventional packed-bed reactors. 
Increasing the feed concentrations of reactants, especially hydrogen, is beneficial to increase 
the production rate of propene oxide in the continuous reactors. However, from a safety point 
of view, reactant feeds consisting of about 10% of oxygen, hydrogen and propene in an inert 
carrier gas have been used because the explosion limit of hydrogen exists between 4 and 94% 
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in oxygen. Recently, several attempts to increase reactant concentrations avoiding the 
possibility of explosion have been made by Oyama et al. [68] and Nijhuis et al. [85]. Oyama 
et al. [68] reported that a stable propene conversion of propene of 10% with 80% propene 
oxide selectivity at 180 °C was attained over Au/TS-1 catalyst in an explosive regime in a 
microreactor. Higher concentrations of hydrogen and oxygen up to 40% could be used for the 
catalyst bed by feeding hydrogen gas through a membrane. In 2010, Nijhuis et al. [85] also 
utilised a microreactor system which is efficient to deal with a gas mixture in an explosive 
region. They conducted a kinetics study of gas-phase propene epoxidation over Au/Ti-SiO2 
catalyst at higher concentrations of hydrogen (up to 80%), oxygen (up to 80%) and propene 
(up to 40%).  
Although a large amount of improvements have been made to increase the performance 
of catalysts since Au/TiO2 catalyst was discovered for the propene epoxidation using 
hydrogen and oxygen, but there are still many challenges to make this catalyst more viable for 
commercial applications: low activity, low hydrogen efficiency and significant catalyst 
deactivation.  
 
2.4.3 Gas-phase Propene Epoxidation with Oxygen 
The process using hydrogen as a coreactant together with oxygen has been regarded as 
a temporary solution for the gas-phase propene epoxidation because it requires extra energy 
and additional cost which are caused by the drawbacks mentioned in the previous section. 
Therefore, a new process for the direct gas-phase epoxidation using only molecular oxygen is 
the most attractive.  
Some attempts have been made to develop efficient catalysts for the production of 
propene oxide in the gas phase using molecular oxygen. In the studies on catalyst materials, 
attention has been focused on silver and copper [69]. The first research paper dealing with 
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oxygen as an oxidant over a gold catalyst was published in the early 1970s [94]. However, 
ever since this article, most of the studies over supported gold catalysts have focused on the 
use of a mixture of hydrogen and oxygen. As a result, studies using only oxygen or air have 
been overshadowed.  
Silver-based catalysts have been used extensively in the industrial process for the direct 
epoxidation of ethylene to ethylene oxide using dioxygen since it was discovered in 1931 [95]. 
However, the silver catalysts have showed somewhat disappointing selectivities of less than 
50% for the propene epoxidation at an even lower propene conversion [96-98]. 
Similar to silver-based catalysts, propene oxide selectivity could hardly rise beyond 
50% over copper-based catalysts [99-101]. However, Wang et al. [102, 103] markedly 
improved the selectivity using potassium-modified copper-based catalysts. Propene oxide 
selectivities of 50–60% and propene conversion of 0.4–1% were achieved over K+-modified 
CuOx/SBA-15 catalysts [102]. The selectivity could be increased to 78% over K+-modified 
CuOx-SiO2 catalysts while the propene conversion was as low as 0.2% [103].  
According to Cant et al. [94], propene was converted mainly into acrolein over Au/SiO2 
catalyst and no propene oxide was observed. Recently, several metal oxide materials, such as 
SiO2, TiO2, TiO2-SiO2 and ZrO2-SiO2, as supports for gold were examined by Suo et al. [69]. 
They reported that propene oxide was produced with 17.9% selectivity and 0.9% propene 
conversion over Au/SiO2 catalyst during the initial period of experiment. However, the main 
product was gradually switched to acrolein (72% selectivity) with time and eventually only 
8.9% propene oxide selectivity was observed. They demonstrated that the activity and 
propene oxide selectivity was remarkably increased by washing Au/TiO2-SiO2 and Au/ZrO2-
SiO2 catalysts with magnesium citrate solution, which promoted the formation of smaller gold 
particles and their homogeneous dispersion. The activity of gold for propene epoxidation with 
oxygen alone was also confirmed by Huang et al. [95] who used gold clusters with diameters 
of less than 2 nm. 
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Song et al. [104] tested various silica supported metal oxide such as Li, Mg, V, Cr, Mn, 
Fe, Co, Ni, Cu, Zn, Ga, Zr, Nb, Mo, In, W, Bi, Ce and Sm and claimed that molybdenum 
oxide was highly active for the propene epoxidation. 17.6% propene conversion and 43.6% 
propene selectivity were obtained at 5 atm and 300 °C. 
Theoretically, propene oxide can be attainable using only molecular oxygen as the 
oxidant, but considerable efforts are still demanded to achieve a satisfactory level of propene 
oxide selectivity and propene conversion.   
 
2.5 Monolith Reactor for Multiphase Reaction 
Catalytic gas–liquid–solid reactions have been used extensively in the processes of 
chemical, petrochemical, petroleum, biochemical, pharmaceutical, material and 
environmental industries for a variety of objectives. Several types of conventional reactors, 
such as stirred tank slurry, slurry bubble column and trickle-bed reactor, have been employed 
for the catalytic multiphase reactions (the diagrams of conventional reactors are shown in 
Figure 2.6) and however each reactor type has its own weak points in terms of the reaction 
kinetics, heat and mass-transfer characteristics, operation safety and economic aspects of 
overall process. Therefore, there has been an increasing particular interest in monolith 
reactors as continuous reactor for multiphase chemical reactions. 
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Figure 2.6 Conventional reactors: (a) stirred tank slurry reactor, (b) slurry bubble column 
reactor and (c) trickle-bed reactor. 
 
2.5.1 Comparison of Monolith and Conventional Reactors 
Stirred tank slurry and slurry bubble column reactors can be constructed with a very 
simple geometry and provide excellent heat and mass-transfer characteristics, high reaction 
rates and effectiveness factor because fine catalyst particle sizes at micrometre scales can be 
applied. However, these types of reactor have a major drawback in the separation of liquid 
product from catalyst particles, which often leads to low profitability. Furthermore, there is a 
possibility that catalyst attrition and pipeline wear cause serious maintenance problems in real 
commercial plant operations. In stirred tank slurry reactors, the mixing intensity is highly 
non-uniform resulting in ineffective utilisation of reactor space. In slurry bubble column 
reactors, serious back-mixing and complex hydrodynamic characteristics become frequently 
of main concern.  
Trickle-bed reactors, one of packed-bed reactors, are much more convenient, but a 
somewhat large catalyst size of millimetre scale and low gas–liquid velocity are required to 
avoid excessive pressure drop. This requirement can lead to poor heat removal, high mass-
transfer resistance, high operational cost and low productivity. Moreover, maldistribution of 
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reactants may cause occasionally local hot spots and thermal runaway behaviour in catalytic 
reactors. Other main disadvantage of conventional reactors for three-phase reactions comes 
with a difficulty in the scale-up from lab or pilot-scale to industrial size reactors. 
Recently, monolith reactors, structured reactors, have attracted increasing interest as a 
promising alternative to the traditional reactors since the use of structured packing, called 
“monolith”, is expected to overcome the above-mentioned disadvantages of conventional 
reactors. First of all, there is no need for catalyst separation. A monolith consists of a bundle 
of narrow parallel channels which are made of regular metal or ceramic support and catalyst 
materials are immobilised on its inside walls. This structure provides a large surface to 
volume ratio and a high efficiency for the contact between gas and liquid in the presence of 
solid catalyst, which makes monolith structure preferable in applications where mass transfer 
is a limiting step [105]. Consequently, it is possible to achieve uniform flow distribution, 
enhance interfacial mass and heat transfer and reduce pressure drop over the channels. Thanks 
to the application of regular structure, the scale-up to commercial size reactor is in principle 
straightforward [106]. 
Since its introduction in the mid-1970s, monolith or honeycomb structure has been 
applied as a standard shape of catalyst in most environmental applications. In particular, it has 
been successfully used for removal of NOx and CO in automotive catalytic converters and 
DeNOx selective catalytic reduction (SCR) system in power plants and incinerators [107]. In 
recent years, several attempts have been made to build new chemical processes with monolith 
reactors. For example, Air Products and Chemicals patented the use of monoliths for 
nitroaromatic hydrogenations [108]. Other examples include Akzo Nobel’s anthraquinone 
(AQ) autooxidation process for the production of hydrogen peroxide on a large scale [109] 
and Corning’s process for olefin hydrogenation or aromatic saturation [110]. Nevertheless, it 
can be stated that the application of monoliths to chemical processes has been very limited 
and most of the current studies remain in the laboratory and pilot scale. However, its full-scale 
application area, in which monolithic catalysts have superior performance to the 
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conventionally-packed catalysts, is expected to be dramatically expanded in the recent future 
[111]. 
 
2.5.2 Structure and Fabrication of Monoliths 
In general, monolith structure is a single honeycomb-like body with many vertical, 
parallel channels separated by thin walls. The main body of monolith can be produced with 
various sizes and shapes. The cross-section is typically round but it can be oval or square. The 
channels are aligned with rectangular shape in either a straight or zigzagged fashion along the 
length. In addition, triangular, circular, hexagonal or more complex shape with internal fins 
can be assigned. It is known that the fins have a stabilizing effect on the gas–liquid flow and 
allow countercurrent operation without abrupt changes in the hydrodynamic state [112]. 
Various geometries of monolithic channel are shown in Figure 2.7. They are usually 
characterised by channel cell density which is the number of channels per unit cross-sectional 
area, i.e. square inch (cpsi) or square centimetre. Wall thickness, open frontal area (void 
fraction), surface area and hydraulic diameter have been also used to define the monolith 
structure. 
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Figure 2.7 Various monolithic channel geometries: (a) rectangular channel with different cell 
densities, (b) rectangular channel with internal fins and (c) circular channel [107]. 
 
Monolith catalysts are industrially produced by several typical methods. They can be 
extruded directly from a paste containing catalyst materials, or catalyst particles can be coated 
on an extruded support [106]. Impregnation by penetrating a solution containing a desired 
catalytic agent into the inside of a support is also frequently used. The catalyst substrates as a 
support can be made of either metal or ceramic materials.   
The extrusion of ceramic materials into a monolith shape consists of several basic steps 
outlined in Figure 2.8 [113, 114]. It is processed in a series of unique dies developed for 
making desired shapes. For special applications, some kinds of resins and fillers can be 
blended and other steps such as curing, carbonising and activation steps can be added after 
extrusion [115]. Careful attention should be paid to uniform drying in order to drive off 
moisture to a satisfactory extent without cracking the monolith body so that the subsequent 
firing can be successful. In the final step, the dried monolith is calcined at relatively high 
temperatures to decompose organic binders, complete solid-state reactions and obtain the 
desired chemical/physical properties. The maximum firing temperature should be controlled 
according to the presence of catalyst in the initial mixture. 
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Figure 2.8 Fabrication procedures for monolith extrusion [113, 114]. 
 
2.5.3 Two-phase Flow in Monoliths 
In a monolith reactor, its basic building block is a single channel. There has been an 
argument that the data obtained in a single channel can be utilised directly in a monolith 
reactor because the distribution of gas and liquid phase has a strong effect on the reactor 
performance and scale-up from a single channel to a monolith reactor is frequently not 
straightforward. Nevertheless, a number of studies have been conducted in a single channel to 
infer the hydrodynamics and the performance of a whole monolith reactor. In this section, 
multiphase flow characteristics in a circular channel and an annulus, mainly at capillary scale, 
are discussed.  
 
2.5.3.1 Gas-liquid Flow in Circular Channels 
In a monolith reactor, it is very important to adopt an appropriate flow configuration 
and a hydrodynamic flow regime because these highly affect the reactor performance. There 
are four different flow configurations: cocurrent downward gas and liquid flow, cocurrent 
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upward gas and liquid flow, countercurrent upward gas flow and downward liquid flow, and 
countercurrent downward gas flow and upward liquid flow. For cocurrent upward gas and 
liquid flow in vertical tubes, various flow patterns can be formed according to relative flow 
rates of gas and liquid phase as shown in Figure 2.9: bubble flow, slug flow, churn flow and 
annular flow [116-118].  
 
 
Figure 2.9 Flow regimes in cocurrent upward two-phase flow in vertical tubes. 
 
 Bubble flow: at low gas fractions, i.e. at low gas flow rates and high liquid flow rates, 
discrete gas bubbles are dispersed in a continuous liquid phase. The diameters of gas 
bubbles are less than the tube diameter. 
 Slug flow: at higher gas flow rates, dispersed gas bubbles coalesce to form large bubbles 
with diameters approaching that of the tube, i.e. filling almost the cross-section of tube. 
The phases separate into bullet-shaped gas bubbles and liquid slugs containing entrained 
small gas bubbles. The bullet-shaped gas bubbles are separated from the tube wall by a 
thin liquid film, in which the liquid-phase flows downward.  
 Churn flow: when the gas flow rate is increased further, a chaotic flow pattern emerges. 
The turbulence breaks up the large gas bubbles, creating highly irregular gas bubbles. 
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 Annular flow: at excessively high gas flow rates and low liquid flow rates, a thin liquid 
film flows along the wall as the gas carries entrained liquid droplets in the core. 
 
The flow pattern of slug flow can be encountered in a number of practical situations 
such as reactions between gas and liquid in chemical reactors, liquid–vapour systems in 
thermal power plants, and transportations of produced hydrocarbons in pipelines. 
When the slug flow regime occurs in small diameter tubes (capillaries), the two-phase 
flow follows a similar pattern but there are no smaller bubbles dispersed in the liquid slugs. 
This is designated as Taylor flow. 
In the Taylor flow regime, gas bubbles and liquid slugs move consecutively through the 
monolith channel. The mass and heat transfer between phases is significantly increased due to 
the presence of thin liquid films between bubbles and wall and a circulating flow generated in 
each liquid slug. In addition to efficient radial mass transfer, low axial mass transfer also can 
be achieved by the separation of liquid slugs by gas bubbles. Due to the enhanced mass and 
heat transfer, Taylor flow regime has recently gained special attention. 
A large number of researchers have published papers about the hydrodynamics of gas–
liquid flow in circular tubes. Fernandes et al. [119] developed a series of equations to predict 
the hydrodynamic parameters for the gas–liquid slug flow in vertical tubes. However, their 
experimental data were obtained at a relatively large diameter tube of 5.1 cm.  
Fukano and Kariyasaki [120] extensively investigated the characteristics of two-phase 
flow in capillaries with diameters in the range from 1 to 4.9 mm, providing flow pattern maps, 
rising velocity of gas bubbles, liquid film thickness and pressure loss. Mishima and Hibiki 
[121] also presented some flow regime maps for vertical capillary tubes of diameter 1–4 mm. 
They suggested several correlations to predict void fraction, rise velocity of gas bubbles and 
pressure drop.  
Laborie et al. [122] related the transition between different flow regimes in capillaries 
of diameter 1–4 mm to the gas injection ratio (ε) which was defined as the following. 
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                                              Equation 2.1 
where VG and VL  are the gas and liquid superficial velocities, respectively. It was observed in 
their study that a stable Taylor flow occurred in the range of gas injection ratio between 0.17 
and 0.67, while bubble flow was generally changed into Taylor flow at ε = 0.2 and Taylor 
flow was changed into annular flow at ε = 0.9. Laborie et al. [122] also proposed the 
following empirical correlations (Equation 2.2 and Equation 2.3) for gas bubble length (LTB) 
and liquid slug length (LLS), including dimensionless numbers such as Reynolds and Eötvös 
number, from the data in Figure 2.10. 
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where Eö is the Eötvös number defined as the ratio between gravity and surface tension forces 
and can be represented as the following. 
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Figure 2.10 Empirical correlations (a) for gas bubble length (LTB) and (b) for liquid slug 
length (LLS) [122]. 
 
Liu et al. [123] investigated the flow regimes, gas bubble rise velocity, liquid slug 
length and pressure drop in capillaries with diameters of 0.9–3 mm. Thy reported that the 
influences of capillary geometry, hydraulic diameter and fluid properties on bubble rise 
velocity were of little significance. They introduced the slip ratio (S) to determine the degree 
of deviation from the homogeneous flow regime (Equation 2.5). Bubble flows are considered 
as homogeneous flow but Taylor flow, churn and annular flows are considered as 
nonhomogeneous flow. Gas bubbles are expected to rise with higher velocities than the liquid 
slug in nonhomogeneous flow regimes, which leads to S > 1. 
LS
TB
U
U
S                                                  Equation 2.5 
Since Fairbrother and Stubbs [124] suggested in 1935 that the thickness of liquid film 
around gas bubbles was proportional to Ca1/2, a number of studies have been conducted to 
measure experimentally or calculate theoretically the film thickness. Ca is the capillary 
number defined the ratio between viscous forces and surface tension (or capillary) forces and 
can be represented as the following. 
L
TBLUCa 
                                              Equation 2.6 
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The empirical correlations for the liquid film thickness (δf) in capillaries in various 
ranges of capillary number suggested by previous investigators are listed in Table 2.2. 
Different from Fairbrother and Stubbs [124], Bretherton [125] and Aussilous and Quéré [126] 
confirmed that the liquid film thickness was a function of Ca2/3. 
 
Table 2.2 Empirical correlations for liquid film thickness [127]. 
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Recently, Han and Shikazono [133] suggested new empirical correlations for liquid 
film thickness which was measured in very small diameter tubes (ID = 0.3–1.3 mm): Equation 
2.7 for Re < 2000 and Equation 2.8 for Re > 2000.   
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The dimensionless numbers in Equation 2.7 and Equation 2.8, Reynolds number (Re), 
Capillary number (Ca) and Weber number (We), have the following relations. Weber number 
is defined as the ratio between inertia forces and surface tension forces. 
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The overall gas–liquid–solid mass transfer in a monolith channel under Taylor flow 
regime depends primarily on three different mass-transfer phenomena: the gas–liquid mass 
transfer from the spherical ends of Taylor bubble to the liquid slug, the liquid–solid mass 
transfer from the liquid slug to the catalyst surface, and the gas–solid mass transfer from the 
cylindrical wall of Taylor bubble through the liquid film to the catalyst surface. Then, a 
reaction takes place on the very surface and inside the pores of catalyst. These transport 
phenomena are depicted with mass-transfer coefficients in Figure 2.11.  
 
 
Figure 2.11 Mass-transfer phenomena in a monolith channel under Taylor flow regime. 
 
 The overall mass-transfer coefficient can be expressed with interfacial area per unit 
volume (a) by the following equation. 
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LSLSGLGL
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When the gaseous reactant diffuses across the thin liquid film around Taylor bubble, the 
mass-transfer coefficient can be given by Equation 2.12 [134, 135]. Therefore, the gas–solid 
mass-transfer coefficient (kGS) can be determined by the film thickness (δf) and the diffusivity 
of gaseous reactant through the liquid film (DM). The film thickness can be approximated by 
the empirical correlations listed in Table 2.2. 
 
f
M
GS
D
k                                               Equation 2.12 
The first correlation for the gas–liquid mass transfer from the spherical ends of Taylor 
bubble to liquid slug was proposed by Irandoust and Andersson [134] to give Equation 2.13. 
ScSh
LSU
Re41.0                                      Equation 2.13 
where Sh is the Sherwood number defined as the ratio of convective to diffusive mass 
transport (Equation 2.14) and Sc is the Schmidt number defined as the ratio of momentum 
diffusivity to mass diffusivity (Equation 2.15). 
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Irandoust et al. [136] extended their research into the gas–liquid mass transfer in 
monolith reactor by assuming the spherical ends of Taylor bubble as rigid spheres and 
employing mass-transfer correlations for the rigid spheres reported in previous literature, and 
proposed the following equations: Equation 2.16 for 1 < Re < 400 and Equation 2.17 for 100 
< Re < 2000. 
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Berčič and Pintar [137] measured the quantity of physical absorption of methane in 
water flowing upward through capillary tubes with 1.5–3.1 mm diameters and proposed a 
nonlinear expression for the gas–liquid mass-transfer coefficient as follows. 
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One of drawbacks of Equation 2.18 is that any physical parameters of the gas and 
liquid used are not contained in the expression, which is therefore valid only for methane–
water system. Heiszwolf et al. [138] attempted to make the correlation applicable to other 
systems using the correction factor including the ratio of diffusion coefficients of each species 
(A and B) as follows. 
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in which m is the scaling factor, depending on the flow conditions. m = 1 for film theory or m 
= 0.5 for penetration theory can be used [139, 140].  
For the liquid–solid mass transfer from the liquid slug to the catalyst surface, 
Hatziantoniou and Andersson [141] studied an air–water system in capillary tubes of 2.35 and 
3.1 mm diameters to give the following mass-transfer coefficient. 
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where γ and β are the dimensionless lengths defined as tt DL /  and tLS DL / , 
respectively. 
In the same paper by Irandoust and Andersson [134] that produced Equation 2.13, the 
following liquid–solid mass-transfer coefficient was also proposed. 
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In the same paper by Berčič and Pintar [137] that produced Equation 2.18, they also 
suggested the following relation for the liquid–solid mass-transfer coefficient. 
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Kreutzer et al. [140] performed CFD simulations for a 1 mm diameter tube and 
developed the following correlation for the liquid–solid mass-transfer coefficient. 
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2.5.3.2 Gas-liquid Flow in Annuli 
As in circular tubes, similar four flow patterns exist in annuli. However, Taylor bubbles 
observed in a vertical annulus show quite a different appearance. The cross-section and the 
schematic representation of a Taylor gas bubble rising through a concentric annulus are shown 
in Figure 2.12 [142, 143]. The elliptic gas bubbles are radially asymmetric and hence never 
occupy the whole cross-sectional area and rise faster than in the corresponding circular tube. 
As the gas bubbles rise through the vertical annulus, the liquid moves downward in the 
peripheral area not occupied by the Taylor gas bubble as well as in the thin film between the 
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bubble and the walls of annulus, which leads to the further increase of the efficiency of mass 
transfer between gas and liquid phase. 
 
 
Figure 2.12 Schematic representation of a Taylor bubble through a concentric annulus [142, 
143]. 
 
There are only several published papers dealing with the hydrodynamic characteristics 
of two-phase flow through annuli. A study by Kelessidis and Dukler [142] investigated the 
flow pattern transitions between bubble, slug, churn and annular flow in a concentric and an 
eccentric annulus. The experimental column consisted of an inner tube having 50.8 mm OD 
and an outer tube having 76.2 mm ID. They presented flow pattern maps for those transitions 
using conductance probe signals and developed mathematical models to predict the flow 
pattern transitions. Their results indicated that the degree of eccentricity has a minor effect on 
the transitions. In another paper, Kelessidis and Dukler [143] proposed a theoretical model for 
the rise velocity of an elliptic bubble in a vertical annulus using the same experimental 
equipment mentioned in the previous study.  
 Similar Taylor bubbles and phenomena were observed in a tube of 38.1 mm ID with an 
inner tube of 12.7 mm OD by Das et al. [144]. They investigated the growth of asymmetry 
and the change of bubble shape with the increase of gas and liquid velocities and provided a 
pictorial representation for the entire range of asymmetric distribution of the two phases. They 
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showed that the flow transition was due to the gradual formation and elongation of cap 
bubbles and the breakdown of Taylor bubbles. They also investigated the effect of gas inlet 
orientation and eccentricity on the preferential side of bubble rise. The phase distribution 
along one side of annulus seemed to occur due to the conditions at the entry and the deviation 
of the concentricity.  
However, previous studies were conducted in tubes with relatively large diameters. 
Only a research article by Vaitsis et al. [105] investigated a capillary-scale annulus. In this 
work, they presented a unique design of monolith reactor, referred to as the confined slug 
flow (CSF) reactor, which consists of a circular channel with 5 mm ID and a rod with 2 mm 
OD attached to the inside wall of the capillary. They demonstrated that a difficulty in 
supporting the catalyst on the monolith wall could be removed with the help of a catalyst rod, 
which can also play a role in temperature control and catalyst axial profiling. The result 
indicated that gas bubble and liquid slug velocities are linearly related to the mean flow 
velocity, irrespective of the fluid properties. In order to derive a correlation for the gas bubble 
length and liquid slug length, the length ratio was related to the ratio of inlet gas and liquid 
flow rate using Eötvös number as a proportional factor [122]. 
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Also, they combined the continuity equations with empirical relationships to predict the 
mass-transfer coefficients and residence time distribution in the CSF reactor. The estimated 
liquid film thickness was in the same magnitude as obtained by Irandoust and Andersson [131, 
145]. 
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2.5.4 CFD studies of Taylor Flow in Capillaries 
Many researchers have investigated the hydrodynamics of Taylor flow in capillaries 
using modelling and simulation. They have reported the hydrodynamic parameters such as 
Taylor bubble shape, bubble rise velocity, bubble length, liquid slug length, liquid slug rise 
velocity, liquid film thickness, pressure drop and mass-transfer coefficient according to the 
kinds of gas and liquid (i.e. variations of density, viscosity and surface tension), flow rates of 
gas and liquid, and dimensions and geometries of capillary. 
Among various modelling and simulation methods, computational fluid dynamics 
(CFD) has been extensively employed because CFD is a good tool of providing an insight 
into the hydrodynamics in various capillaries. Recent CFD studies of Taylor flow are 
summarised in Table 2.3. Not only commercial CFD packages such as FLUENT, CFX and 
FIDAP but also in-house code source such as FEATFLOW has been employed for these 
studies. 
Van Baten and Krishna [146, 147] used CFX to investigate mass transfer from Taylor 
bubbles to liquid phase in circular capillaries. The liquid-phase volumetric mass-transfer 
coefficient was determined and the influences of gas bubble rise velocity, unit cell length, film 
thickness, film length and liquid diffusivity on the mass-transfer coefficient were investigated 
with a variation of channel diameters. They dealt with Taylor bubbles as a void, thus 
assuming no gas–liquid interphase motion. Therefore, in order to overcome this restriction, 
other researchers used volume-of-fluid (VOF) model which is a classical method of solving 
free surface problems. The VOF model implemented in commercial CFD packages enabled 
the interface between phases to be clearly identified, so has been extensively adopted to 
simulate Taylor flow in capillaries. 
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Table 2.3 Summary of CFD studies of Taylor flow in capillaries. 
reference simulation tool flow and geometry dimension structure 
van Baten 
and 
Krishna 
[146, 147] 
CFX vertical upward, circular capillary 
Dt = 1.5–3 
mm, Lt = 
15–50 mm 
2D, single 
bubble, 
axisymmetry, 
moving wall, 
periodic 
boundary 
Taha and 
Cui [148] Fluent (VOF) 
vertical upward, circular 
capillary Lt = 11Dt 
2D, 
axisymmetry, 
single bubble, 
moving wall 
Ndinisa et 
al. [149] 
CFX (VOF, 
two-fluid 
model, 
combined 
model) 
vertical upward, tubular 
column 
Dt = 19 
mm, Lt = 
160 mm 
2D, 
axisymmetry, 
single bubble 
Qian and 
Lawal 
[150] 
Fluent (VOF) 
circular T-junction and 
straight microchannel, 
air–water 
Dt = 0.25–3 
mm 
2D and 3D, 
various inlet 
geometries 
Akbar and 
Ghiaasiaan 
[151] 
Fluent (VOF) 
vertical and horizontal, 
circular and square, air–
water, air–ethanol, air–oil 
Dt = 0.1–1 
mm 
2D, 
axisymmetry, 
single bubble, 
dynamic mesh 
Taha and 
Cui [152] Fluent (VOF) 
vertical upward, circular 
tube 
Lt = 11Dt 
(Dt = 19, 
20 mm) 
2D, 
axisymmetry, 
single bubble, 
moving wall 
Taha and 
Cui [153] Fluent (VOF) 
vertical upward, square 
capillary, silicone oil-air 
2 × 2 mm, 
Lt = 22 mm 
3D, single 
bubble, moving 
wall 
Kashid et 
al. [154, 
155] 
FEATFLOW, 
Fluent (VOF) 
liquid–liquid 
(cyclohexane–water), 
circular capillary, Y-piece 
mixing element 
Dt = 0.5–5 
mm, Lt = 
1000 mm 
2D 
Zheng et al. 
[156] Fluent (VOF) 
gas–liquid vertical 
upward, circular tube 
Dt = 36 
mm, Lt = 
500 mm 
2D, 
axisymmetry, 
single bubble, 
moving wall 
 
The research carried out by Ndinisa et al. [149] who also used CFX reported on the 
validation of CFD simulations of a Taylor bubble, applying three different models, namely a 
VOF model, an Eulerian two-fluid model with a constant bubble size, and a combined model 
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with a variable bubble size. It was claimed that there was good agreement between 
experimental and numerical data from an Eulerian two-fluid model using a solution adaptive 
bubble size. 
Among several commercial CFD codes, FLUENT has been most frequently employed 
due to its advantages in multiphase simulations. All of the following CFD researches were 
conducted using the VOF model in FLUENT. 
A study by Taha and Cui [148] focused on the variation of hydrodynamic features as a 
function of capillary number. Their research showed the liquid flow velocity profile, bubble 
shape, bubble diameter, bubble rise velocity and pressure drop over a wide range of capillary 
number. Two similar papers were later published by Taha and Cui [152, 153]: one was on the 
Taylor flow inside square capillaries and the other was on the Taylor flow in vertical tubes. 
The shape and velocity of bubble, the velocity profile and the distribution of local wall shear 
stress in each capillary were computed and compared with experimental results reported in 
literature. They pointed out that the characteristics of Taylor flow inside circular capillaries 
and square microchannels showed a fundamentally different hydrodynamics due to the effect 
of larger diameter of tube and corner flow in square capillary.  
A similar research results was presented by Akbar and Ghiaasiaan [151]. They also 
examined the feasibility of CFD modelling for Taylor flow regime in capillaries using the 
VOF model and provided simulation predictions about bubble absolute velocity, liquid slug 
length, frictional pressure gradients and liquid film thickness, comparing with several 
experimental data of Laborie et al. [122], Kreutzer et al. [157], and Liu et al. [123]. 
Previous researchers before Qian and Lawal [150] mainly focused on one unit cell, thus 
it was assumed that the gas bubble and liquid slug lengths were already known. However, 
Qian and Lawal [150] chose a T-junction microchannel composed of a vertical inlet mixing 
zone and a horizontal reaction zone with cross-sectional width of 0.25–3 mm for continuous 
formations of gas bubbles and liquid slugs. They showed that the gas bubbles and liquid slugs 
developed and propagated at the Tee intersection and travelled downstream. The development 
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and length variations of gas bubbles and liquid slugs in the model geometry with different 
inlet configurations were investigated under various fluid and operating conditions. They 
claimed that the results were in good agreement with the data reported in previous literature. 
Several correlations between gas bubble and liquid slug lengths in the T-junction 
microchannel were also presented via a dimensionless analysis.  
There were two research articles on the aspects of liquid–liquid Taylor flow in 
microreactors which were analysed using an in-house developed open-source finite element 
CFD tool, FEATFLOW. Kashid et al. [154, 155] investigated the formation of internal 
circulation within each liquid slug through a single-phase approach. The intensity of internal 
circulation increased with the rise of average flow velocity. In addition, a two-phase flow 
methodology showed that Taylor flow was generated at a 120° Y-junction for oil–water 
system. In a follow-up paper, Kashid et al. [158] investigated the mass transfer with and 
without superimposed chemical reactions between two consecutive slugs in the liquid–liquid 
Taylor flow capillary microreactor in order to elucidate the effect of viscosity on the flow 
patterns. It was observed that the flow patterns within the liquid slugs were independent of 
fluid viscosity. 
There was a CFD simulation study to inspect the hydrodynamic characteristics for the 
identification of the mechanism of Taylor flow induced corrosion, because the mass-transfer 
coefficient and wall shear stress have been known as crucial parameters governing the two-
phase flow induced corrosion. Zheng et al. [156] reported that similar hydrodynamic results to 
previous workers such as shape of Taylor bubble, terminal velocity and thickness of falling 
liquid film, and shape and length of wake vortexes. Also, the near wall mass transfer, wall 
shear stress, Taylor flow induced corrosion rate, and the formation and damage mechanism of 
corrosion product scale were proposed. It was found that the wall shear stress of upward gas–
liquid Taylor flow is the key factor resulting in the corrosion product scale fatigue cracking. 
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2.6 Concluding Remarks 
Propene epoxidation with hydrogen peroxide over TS-1 catalysts has been broadly 
reviewed in the present chapter, as well as conventional commercial processes and future 
processes for the production of propene oxide. Much of the previous studies have attempted 
to find new preparation methods to improve the selectivity, activity and regeneration of TS-1 
or precious metal containing TS-1 catalysts, identify the reaction mechanism of propene 
epoxidation, and scrutinise the influence of reaction conditions. This chapter also addressed 
the hydrodynamics and mass-transfer phenomena of monolith reactor operating in a Taylor 
flow regime for multiphase chemical reactions. 
From the review of the relevant literature, it can be seen that there is a limitation of 
previous knowledge and findings and therefore a need to extend the research areas to bring 
the hydrogen peroxide-based propene epoxidation technology to the market. First of all, a 
detailed kinetics study into the propene epoxidation over TS-1 catalyst is needed because only 
a limited number of works have been focused on this topic. Secondly, understanding of the 
influences of the preparation method of precious metal containing TS-1 and the kind of 
precious metals on the propene epoxidation should be extended to elucidate. Indeed, 
providing an evaluation of confined Taylor flow (CTF) reactor as a new reactor concept for 
propene epoxidation as well as other liquid-phase selective oxidation reactions is one of the 
major themes of the present work. 
In Chapter 3, a description of the materials and experimental/analytical methods used in 
this study is provided. 
 
 
 
 
 
 3 MATERIALS AND EXPERIMENTAL METHODS 
This chapter contains a full description of the materials which were used for the 
preparation of catalysts and the experiments for propene epoxidation carried out in an 
autoclave, monolith and confined Taylor flow (CTF) reactor. The experimental setups and the 
experimental procedures are also described. The analytical methods to analyse chemical 
compounds and characterise the catalysts are presented. 
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3.1 Materials 
For the preparation of TS-1 catalyst, tetraethyl orthotitanate (TEOT, ≥ 95.0%), 
tetraethyl orthosilicate (TEOS, ≥ 99.0%) and tetrapropylammonium hydroxide (TPAOH, 20 
wt% in H2O) were purchased from Sigma-Aldrich. Tetraethyl orthotitanate (≥ 99.0%), 
tetraethyl orthosilicate (≥ 99.0%) and tetrapropylammonium hydroxide (40 wt% in H2O) 
purchased from Merck were also used. In the preparation of catalysts and related experiments, 
deionised water produced from Elga Option 4 Water Purifier was used.  
For the preparation of precious metal containing TS-1 catalysts, gold(III) chloride 
trihydrate (HAuCl4·3H2O, ≥ 99.9%),  gold(III) chloride solution (HAuCl4, 30 wt% in dilute 
HCL), palladium(II) chloride (PdCl2, ≥ 99.9%), tetrakis(hydroxymethyl)phosphonium 
chloride solution (THPC, 80 wt% in H2O) and sodium hydroxide (≥ 98.0%) were purchased 
from Sigma-Aldrich. 
For the experiments of propene epoxidation, hydrogen peroxide (35 wt% in H2O) from 
Acros Organics, methanol (CHROMASOLV®, ≥ 99.9%) from Sigma-Aldrich and propene gas 
(10% in N2 or 50% in N2) from BOC were used. 
For gas chromatography calibration of products generated in propene epoxidation, 
propene oxide (≥ 99.5%), 1-methoxy-2-propanol (≥ 99.0%), 3-methoxy-1-propanol (≥ 98.0%), 
1,2-propanediol (≥ 99.5%), 1,3-propanediol (≥ 99.6%) and formaldehyde (37 wt% in H2O) 
were purchased from Sigma-Aldrich. 1-Pentanol (≥ 99.0%) from Sigma-Aldrich was used as 
internal standard for gas chromatography analysis. 
For the experiments using various solvents, ethanol (≥ 99.5%), isopropanol (≥ 99.5%), 
n-butanol (≥ 99.8%), tert-butanol (≥ 99.0%), acetaldehyde (≥ 99.5%), acetic acid (≥ 99.8%), 
1-tert-butoxy-2-propanol (≥ 99.0%), 1-propoxy-2-propanol (≥ 99.0%) and acetonitrile (≥ 
99.8%) were purchased from Sigma-Aldrich and acetone (≥ 99.8%) was purchased from 
VWR. 
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For permanganate titration of hydrogen peroxide, potassium permanganate solution 
(0.02 M) from Fisher Scientific and sulphuric acid (≥ 97.5%) from Sigma-Aldrich were used. 
For ceric sulphate titration, cerium(IV) sulphate solution (0.1 M) and ferroin indicator (0.025 
M) were purchased from Sigma-Aldrich. For iodometric titration, potassium iodide (≥ 99.0%), 
ammonium molybdate (≥ 99.98%), ammonium hydroxide (28% in H2O) and ammonium 
nitrate (≥ 98.0%) were purchased from Sigma-Aldrich and sodium thiosulphate 
(Na2S2O2·5H2O) was purchased from Hopkin & William.  
LUDOX® AS-40 colloidal silica (40 wt% suspension in H2O) from Sigma-Aldrich was 
used as additive to immobilise TS-1 particles. 
 
3.2 Experimental Setup 
3.2.1 Autoclave Reactor 
A 200 mL thick-walled glass Büchi autoclave reactor system constructed by Strata 
Technology was used for batch experiments (Figure 3.1).  
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Figure 3.1 Photograph of a Büchi autoclave reactor system constructed by Strata Technology. 
 
The catalytic oxidations were carried out in a magnetic-drive-stirred autoclave reactor 
that was immersed in a water bath to control the reaction temperature (Figure 3.2). In a typical 
run, a mixture consisting of 0.68 g of 35 wt% hydrogen peroxide, 35 g of methanol and 34.32 
g of deionised water was placed in the autoclave reactor. Before the introduction of catalyst, a 
small sample was taken to determine the initial concentration of hydrogen peroxide by 
titration method. The concentration of hydrogen peroxide should be 0.1 mol kg-1. Then, 0.28 g 
of TS-1 catalyst was added and the reactor was closed. The rotational speed of the gas 
entrainment stirrer was set at 1000 rpm and maintained throughout experiment. The reactor 
was heated to a predetermined temperature (40 °C). When the set temperature was reached, 
the reactor was charged with 10% propene in nitrogen at a predetermined total pressure (7 
bar) to initiate the reaction. The reaction products were sampled at regular time intervals via a 
dip tube. 
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Figure 3.2 Diagram of a Büchi autoclave reactor and normal operating conditions. 
 
3.2.2 Monolith/Confined Taylor Flow (CTF) Reactor System 
Two different reactor systems were used for propene epoxidation in monolith and CTF 
reactor because a new rig was constructed for high pressure experiments after a series of 
experiments at atmospheric pressure had been completed in an existing reactor system. 
 
3.2.2.1 Reactor System for Propene Epoxidation at Atmospheric Pressure 
The reactor system was originally constructed by a previous worker for the direct 
synthesis of hydrogen peroxide from hydrogen and oxygen over precious metal catalysts 
[159] and modified by the author for propene epoxidation application. A photograph of the 
reactor system is shown in Figure 3.3. Figure 3.4 shows a schematic diagram of the 
monolith/CTF reactor system. After the modification, it became possible to detect and control 
directly the temperature of reactor column with the use of a double pipe heat exchanger and a 
Huber Compatible Control circulator. The gaseous product flow discharged from the reactor 
column was cooled down in a heat exchanger connected with an ice bath via a centrifugal 
pump for cooling medium recirculation to prevent low boiling point components such as 
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propene oxide and alcohol-based solvents from escaping. The addition of this cooling 
apparatus is important especially because the boiling point of propene oxide (39.9 °C) is 
nearly close to the normal reaction temperature (40 °C). 8 mm PFA (Perfluoroalkoxy) tubing 
and fittings purchased from Swagelok were used for the liquid piping and 1/8” stainless-steel 
tubing also purchased from Swagelok was used for the gas lines. The inert PFA materials 
were used in order to minimise the background decomposition of hydrogen peroxide. 
In the case of monolith reactor, a porous alumina tube with 8 mm inner diameter by 500 
mm length, which was supplied by Multi-lab, was used as a reactor column. In the case of 
CTF reactor, on the other hand, a 500 mm long transparent acrylic tube with 8 mm inner 
diameter, which was purchased from Gilbert Curry Industrial Plastics, was used as a reactor 
column. A porous alumina rod with 4 mm outer diameter was positioned axis-symmetrically 
in the narrow channel of the CTF reactor. Therefore, a flow space of only 2 mm between the 
rod and the tube wall was assigned in the CTF reactor.  
For clarity, in this thesis, the term “monolith reactor” is used when there is no alumina 
rod inside reactor column, while the term “CTF reactor” is used when a 4 mm diameter rod is 
contained inside reactor column.   
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Figure 3.3 Photograph of a monolith/confined Taylor flow (CTF) reactor system for propene 
epoxidation at atmospheric pressure [159]. 
 
The reactor system was operated with relevant gas and liquid flow rates required to 
achieve Taylor flow regime at atmospheric pressure. Cocurrent upward flow of gas and liquid 
was adopted since it was the only flow configuration giving stable two-phase flow over a 
wide range of gas and liquid flow rates [159]. Therefore, both gas and liquid flow enter via 
bottom of the column. Also, the reactor system was operated in a semi-batch mode where the 
gas flow passed once through the reactor column and was discharged through the heat 
exchanger but the liquid flow was repeatedly recycled throughout experiment because 
relatively high liquid flow rates were needed to obtain a Taylor flow in the reactor column 
with the size mentioned above but the volume of liquid tanks was limited in the laboratory. 
The gas and liquid flow rates were controlled by mass flow controllers from Brooks 
Instrument and by a double headed peristaltic pump from Masterflex, respectively. The 
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peristaltic pump gave a stable liquid flow over a wide range of flow rates. The calibration 
curves of the Brooks mass flow controllers and the Masterflex pump are presented in 
Appendix A.1. 
An infra-red detection unit, which was connected with a data logger (TracerDaq) and a 
computer system (HP), was attached on the top part of the reactor column to collect the data 
for hydrodynamic characterisation.  
 
 
Figure 3.4 Schematic diagram of a monolith/CTF reactor system for propene epoxidation at 
atmospheric pressure. 
 
To do an experiment, firstly a reactor column of monolith or CTF reactor was installed. 
An alumina tube whose inner wall was coated with catalyst materials was used for the case of 
monolith reactor or an alumina rod whose outer wall was coated with catalyst materials was 
used for the case of CTF reactor. Then, a 0.5 L recycle tank was filled with a mixture of 3.4 g 
of 35 wt% hydrogen peroxide, 221 mL of methanol and 172 mL of deionised water, giving  a 
hydrogen peroxide concentration of 0.1 mol kg-1 and a methanol content of 50 wt%. A small 
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sample was taken to check the initial concentration of hydrogen peroxide by titration method. 
The Huber circulator was switched on to set the reaction temperature (40 °C) and start its heat 
medium circulation. When the set temperature was reached, the peristaltic pump was started 
to set a required liquid flow rate. When the liquid flow was retuned to the recycle tank for the 
first time, the mass flow controller was started to initiate the reaction by setting a required 
flow rate of 10% propene in nitrogen. The reaction products were sampled at regular time 
intervals via a liquid sample point located at the outlet of the reactor column. 
 
3.2.2.2 Reactor System for Propene Epoxidation at High Pressure 
It was impossible to pressurise the existing reactor system to investigate the influence 
of pressure on the performance of propene epoxidation in monolith or CTF reactor, because 
glass jacketed vessels were used for the liquid tanks, PFA  tubing and connections were used 
for all of the liquid piping, and flexible silicone tubing was used for the Masterflex peristaltic 
pump. Moreover, the peristaltic pump itself could not provide a liquid flow under high 
pressures. 
It was confirmed in the autoclave reactor that the decomposition of hydrogen peroxide 
was negligibly affected by the presence of stainless-steel. Therefore, a new reactor system 
was constructed with tubing, connections and cylinders which are all made from stainless-
steel. 1/4” tubing and connections purchased from Swagelok were used for the liquid piping 
and 1/8” stainless-steel tubing also purchased from Swagelok was used for the gas lines. 
A P&ID of the new monolith/CTF reactor system is shown in Figure 3.5. Based on this 
P&ID, the new reactor system was built by the author as shown in the photograph of Figure 
3.6. As a whole, this system was constructed similarly to the existing experimental apparatus. 
In the new system, a back-pressure regulator purchased from Swagelok was used to pressurise 
the reactor column up to 10 bar. A dosing pump with incorporated hydraulic diaphragm 
supplied by Milton Roy was employed to provide a liquid flow at elevated pressures. The gas 
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flow rates were controlled by Bronkhorst mass flow controllers. In Appendix A.2, the 
calibration curves of the Bronkhorst mass flow controllers and the Milton Roy pump are 
presented. The gas and liquid flows were preheated before entering the reactor column and the 
operating temperature of reactor column was controlled by heating tapes (230V 50 Hz 100W) 
purchased from Thermo Scientific Electrothermal. 
The dosing pump employed in the new system naturally produces the flow and pressure 
pulsation because it has a piston which creates a differential pressure by a reciprocating 
motion with constant stroke. This pulsation can distort the hydrodynamic data which are 
collected via an infra-red detection unit attached on the reactor column and also do damage to 
the stability of catalyst coating deposited on the wall of monolith and CTF reactor. Therefore, 
to minimise the pulsation, a 1 m long coil of 1/8” stainless-steel tubing connected to a Tee 
union with a 125 mL cylinder as a pressure dampener (component L in Figure 3.5) was 
installed on the discharge pipe of the dosing pump. 
The gas and liquid flows leaving the reactor column were separated in a gas–liquid 
separator/condenser (component K in Figure 3.5). The stream of gas and liquid was led 
directly into the inside of a vertical cylinder through a 1/8” tube which passed straight down 
through a 1/4” tee connected with the top of the cylinder. Then, the gas flow was discharged 
through the upper part of the cylinder and the space between the 1/8” tube and the 1/4” tee to 
a back-pressure regulator, while the liquid flow was collected in the lower part of the cylinder 
and discharged from the bottom. In the meantime, the temperature of the separating cylinder 
was maintained at 5 °C to trap low boiling point chemical compounds. 
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Figure 3.5 P&ID of a monolith/CTF reactor system for propene epoxidation at high pressure. 
 
The experimental procedures were somewhat different from those of the old reactor 
system. Firstly, a suitable reactor column was installed according to the type of reactor. Then, 
the 1 L recycle tank was filled with a mixture of 5.1 g of 35 wt% hydrogen peroxide, 332 mL 
of methanol and 258 mL of deionised water which gave a hydrogen peroxide concentration of 
0.1 mol kg-1 and a methanol content of 50 wt%. The initial concentration of hydrogen 
peroxide was checked by titration method. Then, the mass flow controller was set to gain a 
required flow rate of 10% propene in nitrogen. The back-pressure regulator was controlled to 
pressurise the system to get a predetermined operating pressure. It might take from several 
minutes to a few tens of minutes according to the operating pressure. In the meantime, the 
PID controllers were switched on to provide electricity to heating tapes on the preheating 
lines and reactor column. When the operating pressure and temperature reached steady state, 
the Milton Roy liquid pump was started to initiate the reaction. A timer was set to zero when 
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the liquid flow arrived at the bottom of the reactor column for the first time. The reaction 
products were sampled at regular time intervals via a liquid sample point located at the outlet 
of the reactor column. 
 
 
Figure 3.6 Photograph of a monolith/CTF reactor system for propene epoxidation at high 
pressure.  
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3.3 Analytical Methods 
3.3.1 Chemicals Analysis 
3.3.1.1 Gas Chromatography (GC) 
Liquid samples were analysed on a gas chromatograph (Shimadzu GC-2014) equipped 
with a flame ionisation detector (FID) and a capillary column (30 m × 0.32 mm) with 
nitroterephthalic acid-modified  polyethylene glycol (0.25 µm) as the stationary phase. In the 
propene epoxidation with hydrogen peroxide, propene oxide is the main product; 1-methoxy-
2-propanol, 2-methoxy-1-propanol, 3-methoxy-1-propanol, 1,2-propanediol and 1,3-
propanediol are the byproducts. The calibration curves of these chemicals are presented in 
Appendix B. The retention times and response factors of the chemicals are summarised in 
Table B.1. The response factor of 1-methoxy-2-propanol was used for that of 2-methoxy-1-
propanol, because it was impossible to procure a small amount of 2-methoxy-1-propanol from 
chemicals providers.  
To analyse the concentration of each component after the reactions, 0.5 g of sample was 
mixed with 0.05 g of 0.3 wt% 1-pentanol (internal standard) solution in a 2 mL vial. Then, it 
was diluted with deionised water to total 1.5 g. Therefore, the final concentration of internal 
standard was 0.01 wt%, yielding a constant peak area in all GC analyses. 
 
3.3.1.2 Titration Method 
It is important to measure exactly the concentration of hydrogen peroxide at a point of 
time during an experiment when hydrogen peroxide is used as the oxidant. At first, a titration 
method using potassium permanganate solution was used, but it was suspected that some 
errors were present when the concentration of hydrogen peroxide was low (< 0.5 wt%). There 
was a 5–40% difference between the initial concentration determined by permanganate 
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titration and the desired concentration. To make matters worse, the difference sharply 
increased as the amount of methanol was increased and that of hydrogen peroxide was 
decreased (Figure C.1 in Appendix C). Therefore, other titration methods such as iodometric 
titration and ceric sulphate titration with ferroin indicator were examined. In Appendix C, four 
different titration methods are introduced and their accuracies are compared. As a result, the 
iodometric titration was adopted because it showed the best accuracy in the range of hydrogen 
peroxide concentrations used in this study (Figure C.2 in Appendix C). This titration method 
ensures that the margin of error is within ±3%. 
Several reagents are required to conduct the iodometric titration: potassium iodide 
solution, ammonium molybdate solution, sulphuric acid solution, starch indicator and sodium 
thiosulphate solution. A 0.06 M potassium iodide solution was prepared by dissolving 10 g of 
potassium iodide in 1 L of deionised water. To prepare an ammonium molybdate solution, 
9.03 g of ammonium molybdate was dissolved in a 6 M ammonium hydroxide solution which 
was prepared by dissolving 2.13 g of ammonium hydroxide in 10 mL of deionised water. 
Then, 24 g of ammonium nitrate was added and the resulting solution was diluted to 100 mL 
with deionised water. To prepare a 0.005 M sodium thiosulphate solution, 1.243 g of sodium 
thiosulphate (Na2S2O2·5H2O) was dissolved in 1 L of deionised water. A diluted sulphuric acid 
solution was prepared by adding one part of sulphuric acid (≥ 97.5%) to four parts of 
deionised water. 
To conduct the iodometric titration, a 50 mL beaker, a funnel and a 10 mL burette were 
cleaned and rinsed with deionised water. The burette was carefully rinsed again with some 
portions of 0.005 M sodium thiosulphate solution. Then, the burette was filled with 0.005 M 
sodium thiosulphate solution. It should be checked if the tip of burette was filled.  
Approximately 0.2 g of sample solution was transferred into a 50 mL beaker and the 
actual weight of the sample was recorded. Then, 1 mL of diluted sulphuric acid solution, 5 mL 
of 0.06 M potassium iodide solution and a few drops of ammonium molybdate solution were 
added and mixed carefully by agitation. The solution showed a dark orange colour at this 
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moment. After recoding the initial reading on the burette, 0.005 M sodium thiosulphate 
solution was started to add while the sample solution was constantly agitated. When the 
colour of sample solution became faint yellow, 1 mL of starch solution was added. Then, the 
colour of solution instantly turned into dark blue. As the last step, the sodium thiosulphate 
was further added thereto until the blue colour disappeared. The final reading on the burette 
was recorded. During the titration procedure, a white piece of paper under the beaker is 
recommended. 
The titration was repeated with another sample. Finally, the concentration of hydrogen 
peroxide was calculated using the data from each titration to confirm that a margin of error is 
within ±3%. 
 
3.3.2 Catalyst Characterisation 
The crystallographic structure of TS-1 was identified by X-ray diffraction (XRD) 
pattern that was measured on a PANalytical X’Oert PRO X-ray powder diffractometer 
equipped with a nickel filter and Cu Kα radiation (λ = 1.541 Å). Peak intensities were 
collected in the 2θ range from 5 to 50° with a step size of 0.02° and a scan time of 1 s per step. 
Elemental analysis was performed by X-ray fluorescence (XRF) using Bruker AXS. Fourier 
Transform Infrared (FT-IR) spectra were measured on a Perkin-Elmer Spectrum 1 
spectrometer using the KBr wafer technique. The data were recorded from 400 to 4000 cm-1 at 
a resolution of 0.5 cm-1. UV-visible measurements were performed on a Perkin-Elmer 
Lambda 25 spectrometer. The data were recorded from 900 to 200 nm at a resolution of 1 nm. 
Scanning electron microscopy (SEM) images were recorded on a Leo Gemini 1525 
instrument to inspect the morphology of catalyst. The lattice structure of TS-1 and the 
dispersion of precious metal nanoparticles were investigated by transmission electron 
microscopy (TEM) images taken on a JEOL JEM 2010 instrument. Thermogravimetric 
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analysis (TGA) was performed on a TA Q500 thermogravimetric analyser by measuring 
weight changes of catalyst under nitrogen gas atmosphere. The temperature was raised from 
30 to 1000 °C at a rate of 5 °C min-1. Brunauer-Emmett-Teller (BET) analysis data were 
obtained by nitrogen adsorption and desorption in a Micromeritics TriStar 3000 apparatus. 
 
3.4 Concluding Remarks 
In this chapter, the details of materials used for the synthesis of catalysts and the 
experiments of propene epoxidation have been presented. The experimental setups and 
experimental procedures for an autoclave, monolith and CTF reactor at atmospheric and high 
pressure have been also presented. The last part of chapter is devoted to introduce various 
chemical analysis and catalyst characterisation techniques which have been used in this work.  
In Chapter 4, the synthesis and characterisation results of TS-1 and precious metal 
containing TS-1 catalysts and the method of TS-1 catalyst immobilisation for monolith and 
CTF reactor application are presented and discussed. 
 
 
 
 
 
 
 
 
 
 
 
 4 SYNTHESIS AND CHARACTERISATION OF 
CATALYSTS 
This chapter provides a description of the synthesis procedures of TS-1 and precious 
metal containing TS-1 catalysts. The results of catalyst characterisation which was carried out 
using various analytical techniques are also presented and discussed. The TS-1 catalyst 
immobilisation method for structured reactor application is contained. 
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4.1 Titanium Silicalite (TS-1) 
4.1.1 Synthesis 
TS-1 catalyst was prepared according to the method described in the literature [3, 4]. A 
solution of 1.5 g of tetraethyl orthotitanate (TEOT, Ti(OC2H5)4) was gradually added to 45 g 
of tetraethyl orthosilicate (TEOS, Si(OC2H5)4) with magnetic stirring for 30 min. An aliquot 
of 100 g of 20 wt% tetrapropylammonium hydroxide solution (TPAOH, (C3H7)4NOH) was 
then gradually added to the mixed solution under stirring for an additional 30 min. After the 
mixture had been kept at 60 °C for 3 h, 56 g of deionised water was added to the solution. The 
composition of the final solution was the same as the molar reagent ratios employed by 
Clerici et al. [3]: SiO2/TiO2 = 32.7, TPAOH/SiO2 = 0.46 and H2O/SiO2 = 35. The resulting 
solution was transferred to an autoclave in an oven and crystallised at 175 °C for 48 h without 
stirring. After the solution had been cooled to room temperature, the crystalline product was 
separated by centrifugation. Washing with deionised water and separation were repeated five 
times. The solid product was dried at 100 °C for 2 h and then finally calcined at 550 °C for 5 
h in an air-atmosphere furnace. The resulting catalyst was ground into a powder with a pestle 
and mortar. 
It is noteworthy that the catalytic activity of TS-1 was varied according to the chemical 
suppliers: Sigma-Aldrich and Merck. Furthermore, even if the chemicals purchased from the 
same supplier, the activity of TS-1 prepared was slightly varied according to the batch number 
of the chemicals. At the beginning of this study the TS-1 catalysts prepared using the 
chemicals purchased from Sigma-Aldrich was used for the experiments in an autoclave rector, 
but later TS-1 catalysts prepared using the chemicals purchased from Merck was used for the 
experiments in the structured rectors. The performance of propene epoxidation was higher 
when the chemicals purchased from Merck were used to prepare TS-1 catalyst.  
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4.1.2 Characterisation 
The analysis results showed good agreement with the data indicated in the original 
patent [4]. Figure 4.1a shows the XRD pattern of TS-1 catalyst in which single peaks at 24.4° 
and 29.3° demonstrate a conversion from a monoclinic symmetry (silicalite) to an 
orthorhombic symmetry (titanium silicalite). It was known that the magnitudes of peak 
intensity are related to the crystallinity of TS-1 which strongly affects the catalyst activity, but 
it was not easy to predict the degree of activity solely by the magnitudes of peak intensity 
[160]. For the comparison with TS-1, the XRD spectrums of typical silicalite and monoclinic 
SiO2 are shown in Figure 4.1b and Figure 4.1c, respectively. 
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Figure 4.1 X-ray diffraction patterns of (a) TS-1 (this study), (b) silicalite [4] and (c) 
monoclinic SiO2 (JCPDS PDF #86-0680) [161]. 
 
Figure 4.2 shows the FT-IR spectrum of TS-1 catalyst. There is an absorption band at 
971.4 cm-1 which is not present in the spectrum of either pure silicalites or titanium oxides. In 
general, the intensity of the band increases with the amount of titanium which substitutes the 
silicon in the framework of silicalites. 
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Figure 4.2 FT-IR spectrum of TS-1 catalyst. 
 
Figure 4.3 shows the UV-vis spectrum of TS-1. An absorption band near 215 nm 
indicates four-coordinated tetrahedral Ti species in TS-1. No other peaks are observed, which 
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demonstrates that there is no octahedral Ti (about 270 nm) or anatase TiO2 (about 340 nm) [29, 
48].  
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Figure 4.3 UV-vis spectrum of TS-1 catalyst. 
 
In the SEM images shown in Figure 4.4, well-defined, uniform cubic crystallites with 
rounding edges are observed to be distributed homogeneously. It is known that TS-1 
crystallises in the form of slightly rounded cubes when crystallisation occurs in a static 
autoclave and that this shape is more active for the epoxidation of propene than other shapes 
such as spheres and twinned coffins [160, 162]. The size of the particles was in the range of 
200–300 nm. The activity of TS-1 is also strongly influenced by the size of the catalyst 
particles: the smaller the particle size, the more effective the catalyst [160, 162]. The TS-1 
prepared in this study therefore had a suitable particle size and shape for effective study of the 
epoxidation of propene. 
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Figure 4.4 SEM micrographs of TS-1 catalyst. 
 
The TEM micrograph in Figure 4.5 exhibits well-ordered lattice fringes of the MFI 
structure of TS-1, which is indicative of high crystallinity. This confirms that the TS-1 catalyst 
had uniformly sized lattice spacings. 
 
 
Figure 4.5 TEM micrograph of TS-1 catalyst. 
 
Figure 4.6 shows the TGA profile of the TS-1 catalyst. The weight loss up to 100 °C 
and the total weight loss up to 1000 °C were 1.2% and 2.9%, respectively. The small weight 
loss up to 1000 °C indicates the good thermal stability of TS-1. The weight loss up to 100 °C 
should be attributed to the loss of physisorbed water. The small weight loss up to 100 °C 
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suggests that the prepared TS-1 catalyst had a relatively high hydrophobic property, which is 
known to enhance the activity of TS-1 [12, 19, 29]. The apparent weight gains observed after 
100 and 700 °C might be caused by a buoyancy effect of surrounding gas because the density 
of surrounding gas decreases on heating. In order to remove this effect, the graph of weight 
gain should be calibrated using a result of blank sample. 
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Figure 4.6 TGA profile of TS-1 catalyst. 
 
The results of BET analysis which are summarised in Table 4.1 show a surface area of 
421 m2 g-1 and a pore volume of 0.255 cm3 g-1, which are comparable to the values reported in 
the literature [12, 16, 19, 29, 163, 164]. Other results of BET analysis are given in Figure F.1 
(Appendix F). 
The molar ratio of Si/Ti in the lattice framework of TS-1 determined by a semi-
quantitative XRF analysis was found to be 50. This value is higher than the molar reagent 
ratio of 32.7 used in the TS-1 synthesis. It has been reported that the maximum mole fraction 
of titanium incorporated in the TS-1 framework is 0.025 which corresponds to Si/Ti molar 
ratio of 39 [35, 37, 38]. 
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Table 4.1 Summary of BET analysis results of TS-1 catalyst. 
surface area [m2 g-1] 
single point surface area at p/po = 0.205300779 424.4714 
BET surface area 421.2175 
Langmuir surface area 564.6681 
t-plot micropore area 267.3239 
BJH adsorption cumulative surface area of pores between 
1.7 nm and 300 nm diameter 79.5517 
BJH desorption cumulative surface area of pores between 
1.7 nm and 300 nm diameter 78.9266 
pore volume [cm3 g-1] 
single point adsorption total pore volume of pores less 
than 74.7809 nm diameter at p/po = 0.973419508 0.255137 
pore size [nm] 
adsorption average pore width (4V/A by BET) 2.42285 
BJH adsorption average pore diameter (4V/A) 7.9704 
BJH desorption average pore diameter (4V/A) 8.0110 
 
4.2 Precious Metal Containing Titanium Silicalite (TS-1) 
4.2.1 Synthesis 
The precious metal containing TS-1 catalysts were prepared by impregnation using 
HAuCl4·3H2O and PdCl2. 8.2 g of 1 wt% HAuCl4·3H2O aqueous solution was added to 4 g of 
TS-1 for 1 wt% Au/TS-1. 6.8 g of 1 wt% PdCl2 aqueous solution was added to 4 g of TS-1 for 
1 wt% Pd/TS-1. For 1 wt% Au–1 wt% Pd/TS-1, 8.4 g of 1 wt% HAuCl4·3H2O aqueous 
solution and 7 g of 1 wt% PdCl2 aqueous solution were simultaneously added to 4 g of TS-1. 
After mixing for 30 min, all samples were dried at 90 °C for 15 h. Some of the dried catalyst 
was calcined in static air at 400 °C for 3 h. Some of the dried catalyst was reduced with 10% 
hydrogen in argon at a flow rate of 100 mL min-1 and a heating rate of 2 °C min-1 from room 
temperature to 200 °C at which the catalyst were kept for 3 h. In this thesis, the catalysts are 
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mentioned as dried, calcined or reduced catalyst according to its treatment process of 
supporting precious metals on TS-1. 
The Au/TS-1 catalyst was also synthesised by a sol immobilisation method using a 
stabilizing agent to control the size and dispersion of gold nanoparticles. A gold sol prepared 
using tetrakis(hydroxymethyl)phosphonium chloride (THPC)/sodium hydroxide was used as a 
stabilizing system as described in the literature [165]. For the preparation of 1 wt% Au on TS-
1 catalyst, 230 mL of deionised water, 10 mL of 0.2 M sodium hydroxide solution and 4 mL 
of THPC solution (1 mL of 80 wt% THPC in 100 mL deionised water) were mixed under 
stirring. After a few minutes a solution of 0.139 mL of 30 wt% HAuCl4 solution in 5 mL of 
deionised water was added. There was an immediate change of colour of the solution into 
dark brown indicating the formation of the gold sol. Then, 4 g of TS-1 were suspended in 300 
mL deionised water for 10 min under stirring at pH 2. The gold sol was then dropped onto the 
TS-1 solution with stirring for 1 h. The catalyst was filtered, washed chlorine-free and dried. 
To remove all THPC, the dried catalyst was treated with 10% hydrogen in nitrogen at a flow 
rate of 25 mL min-1 at 350 °C for 2 h. 
 
4.2.2 Characterisation 
The FT-IR spectra of precious metal containing TS-1 catalysts confirmed that there was 
no change of framework of TS-1 during the precious metal impregnation and treatment 
processes. In the BET analysis, there was also no distinction between TS-1 and precious metal 
containing TS-1. All catalysts had a surface area of approximately 420 m2 g-1. 
Figure 4.7 shows the TEM images of precious metal containing TS-1 catalysts which 
were prepared via the treatment processes described in Section 4.2.1. Gold nanoparticles of 
roughly 2–8 nm in size are dispersed on the outer surface of the dried Au/TS-1 particles. 
However, most of the gold nanoparticles are agglomerated into clusters in a size of 50–100 
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nm by calcination carried out at a high temperature. The size of palladium nanoparticles is 
approximately 1–4 nm which is a bit smaller than that of gold nanoparticles. It is observed to 
form clusters even in the dried Pd/TS-1 because of high mobility of palladium nanoparticles. 
The clumping of palladium nanoparticles was also promoted by calcination, which led to the 
formation of circular clusters. Gold and palladium nanoparticles coexist in the Au–Pd/TS-1 
but it is impossible to distinguish each other and detect the presence of alloy of gold and 
palladium. In the calcined precious metal containing TS-1 catalysts, it is difficult to observe 
gold or palladium nanoparticles present separated from their clusters. However, the 
distribution of precious metals seems to be slightly improved by reduction. 
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Figure 4.7 TEM micrographs: (a) Au/TS-1 dried, (b) Au/TS-1 calcined, (c) Au/TS-1 reduced, 
(d) Pd/TS-1 dried, (e) Pd/TS-1 calcined, (f) Pd/TS-1 reduced, (g) Au–Pd/TS-1 dried, (h) Au–
Pd/TS-1 calcined and (i) Au–Pd/TS-1 reduced. 
 
Inhomogeneous dispersion and large clusters of precious metal nanoparticles found in 
the TEM images can lead to a decline in catalyst activity due to the loss of effective surface 
area. The distribution of precious metals on TS-1 by impregnation method was improved by 
reduction but it was still unsatisfactory. Therefore, a sol immobilisation method was applied 
to the Au/TS-1. As shown in Figure 4.8, an outstanding result of gold dispersion was achieved 
by this method. 
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Figure 4.8 TEM micrograph of Au/TS-1 prepared by sol immobilisation. 
 
Similar to what Grunwaldt and co-workers suggested [165], keeping the pH of catalyst 
solution significantly below 7 was essential to effectively immobilise gold nanoparticles on 
TS-1. In this study, a desired performance of sol immobilisation method was achieved at pH = 
2. The reason for the necessity of this low pH can be explained by the fact that the isoelectric 
point of SiO2 and TiO2 are 2–3 and 5–6, respectively [166]. The precise isoelectric point of 
TS-1 has been hardly known.  
It is known that the adsorption of gold is a consequence of the electrostatic interaction 
between negatively polarised gold colloids and positively charged surface of metal oxide. It 
can be assumed that gold colloids have negative charges due to remaining chloro-ligands 
[167]. Hence, the immobilisation of gold colloids can occur when the pH is significantly 
lower than the isoelectric points of support materials. 
Consistent with the results of the FT-IR and BET analysis results, there was no 
difference of fingerprint peaks in the XRD spectrum between TS-1 and precious metal 
impregnated TS-1, which confirmed again that the MFI structure of TS-1 was not modified by 
precious metal impregnation and treatment processes. In Figure 4.9, the peaks of Au0(111) 
and Au0(200) are clearly observed in the calcined or reduced gold containing TS-1. The 
existence of Au0 peaks in the calcined catalysts demonstrates that the catalyst was 
 Chapter 4. Synthesis and Characterisation of Catalysts 
 107
autoreduced by thermal decomposition at a high temperature (400 °C). However, there is no 
peak of Au0 in the dried Au/TS-1, which means that gold is still present as Au(III). As 
expected from the TEM image of Au/TS-1 prepared by sol immobilisation method, a weak 
and broad peak of Au0(111) is observed due to an even distribution of gold nanoparticles. 
The reflection belonging to Pd0(111) can be identified in the reduced palladium 
containing TS-1 but very weak and broad, indicating the presence of small particle size of 
palladium. The peak intensities of gold in the calcined Au–Pd/TS-1 are relatively small and 
shit to a bit higher angles when compared with the calcined Au/TS-1, which proves the 
formation of alloy between gold and palladium. Moreover, no peak of Pd0 in calcined Au–
Pd/TS-1 also illustrated that most of the palladium exists in the Au–Pd alloy structure. 
 
38 40 42 44
Au/TS-1 sol immobilised
Pdo(111)
2degree
Au-Pd/TS-1 reduced
Au-Pd/TS-1 calcined
Pd/TS-1 reduced
Au/TS-1 reduced
Au/TS-1 calcined
Au/TS-1 dried
TS-1
Auo(111) Au
o(200)
 
Figure 4.9 X-ray diffraction patterns of TS-1 and precious metal containing TS-1 catalysts. 
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4.3 Immobilisation of TS-1 Catalyst for Structured Reactor 
Application 
As mentioned in Section 2.3.1.3, there have been several attempts to develop supported 
TS-1 catalysts for the commercial applications of TS-1. However, most of the preparation 
methods are not suitable for the structured reactor proposed in this study. Even the extrusion 
method suggested by Li et al. [25] and Serrano et al. [53] is unlikely to prepare a 500 mm 
long rod or tube with small diameters. 
For the application of TS-1 catalyst in structured reactors such as monolith and CTF 
reactor, the TS-1 catalyst should be immobilised on the inner wall of tube or on the outer 
surface of rod. In order to effectively immobilise TS-1 particles, porous alumina tubes and 
rods rather than impervious ones were employed in this work. 
In the beginning of this study, it was attempted to crystallise TS-1 directly on the 
alumina rod surface as follows. In the procedures of TS-1 synthesis described in Section 4.1.1, 
an alumina rod was dipped into the resulting solution gained just before crystallisation. 
Dipping and drying was repeated several times to build the catalyst layer to a suitable 
thickness. After drying thoroughly the rod was kept at 175 °C for 48 h. Photographs of the 
alumina rods coated with TS-1 before and after heating for crystallisation are shown in Figure 
4.10. When the rod was coated with aqueous TS-1 solution and dried, it maintained its white 
colour and became glossy. However, the catalyst layer on the rod surface simmered during 
heating and its colour turned into brown. Some of catalyst materials detached from the surface 
of rod, so the catalyst immobilisation was poor. As a result, a different preparation method 
was needed to make a uniform and stable catalyst layer on the surface of the rod. 
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Figure 4.10 Photographs of an alumina rod coated with TS-1 catalyst (a) before and (b) after 
heating for crystallisation. 
 
In order to tackle the problem that TS-1 particles were detached from the rod surface 
during the crystallisation step, it was attempted to immobilise TS-1 after crystallisation. It was 
also thought that this idea would avoid the problems such as the increase of crystal size and 
the change of crystal shape during crystallisation in a template which were reported by Ahn et 
al. [43]. However, it was impossible to properly coat the rod using TS-1 particles only. 
Therefore, silica nanoparticles in the range of 10–50 nm were used as an additive to make a 
stable coating of catalyst. It was founded that silica nanoparticles with smaller size helped TS-
1 particles with larger size get stuck not only on the surface of rod but also to other TS-1 
particles.  
In this study, all catalyst rods were prepared as follows. In a typical preparation, 1.6 g 
of TS-1 powder was mixed well with 3 g of 40 wt% silica solution. Then, 3.4 g of deionised 
water was added to the mixture to prepare a suspension solution containing 20 wt% TS-1 and 
15 wt% silica. An alumina rod was dipped in the solution. To get a predetermined weight of 
coating (1 g), drying and dipping was repeated. 
To determine a suitable ratio of amounts of TS-1 and silica, the durability of coating 
and the morphology of coating surface were examined. For this purpose, four alumina rods 
were prepared using 20 wt% TS-1 solutions with four different silica contents from 5 to 20 
wt%. The weight loss of each catalyst rod with 1 g of coating at normal operating conditions 
(N2 160.6 mL min-1, H2O 99.5 mL min-1) in the CTF reactor for 5 h was measured and 
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summarised in Table 4.2. The SEM images of alumina surface coated with TS-1 and silica are 
presented in Figure 4.11. When the weight percent of silica in the solution was less than 15 
wt%, the mechanical strength of coating decreased sharply. On the other hand, when the 
weight percent of silica was greater than 15 wt%, the chemical activity of coating is likely to 
decrease because the active surface of TS-1 is covered excessively by inert silica 
nanoparticles as can be seen in Figure 4.11d. Therefore, 20 wt% TS-1 and 15 wt% silica in 
water was used for the rest of experiments. Figure 4.11c demonstrates that an even 
distribution of TS-1 particles on the surface of the rod was achieved through the dip-coating 
method.  
 
Table 4.2 Influence of the ratio of TS-1 to silica on the durability of catalyst coating. 
ratio (TS-1:SiO2) weight loss [%] 
4:1 45.8 
2:1 28.9 
4:3 2.35 
1:1 1.54 
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Figure 4.11 SEM micrographs of TS-1 immobilised on the surface of alumina rod using (a) 
20 wt% TS-1 and 5 wt% silica in water, (b) 20 wt% TS-1 and 10 wt% silica in water, (c) 20 
wt% TS-1 and 15 wt% silica in water, and (d) 20 wt% TS-1 and 20 wt% silica in water. 
 
Similar procedures were employed to immobilise TS-1 catalyst on the inner surface of 
alumina tube for monolith reactor. Approximately 4 mL of a solution of 20 wt% TS-1 and 15 
wt% silica in water was injected into the alumina tube and the both sides of the tube were 
closed. Then, the tube was shaken many times to make the whole inner surface wet. The 
remaining catalyst solution was drained from the tube and the tube was dried. Drying and 
coating was repeated to get a predetermined weight of coating (1 g).  
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4.4 Concluding Remarks 
In this chapter, the synthesis of TS-1 and precious metal containing TS-1 catalysts has 
been described and their characterisation results have been presented and discussed. The TS-1 
catalyst prepared in this work showed good agreement with the data reported in literature. It 
was confirmed by several analytical techniques that the fundamental MFI structure of TS-1 
was not modified by precious metal impregnation and treatment processes. The clustering of 
precious metal nanoparticles was observed in the TEM images and the dispersion of gold was 
remarkably improved by a sol immobilisation method. In the XRD analysis, the presence of 
metallic phase of precious metals and the formation of alloy between gold and palladium were 
confirmed. Using silica nanoparticles as additive, the TS-1 catalyst could be successfully 
immobilised on the outer surface of alumina rod and the inner surface of alumina tube for 
monolith and CTF reactor applications. 
In Chapter 5, the results of the kinetics studies of propene epoxidation carried out with 
hydrogen peroxide and TS-1 catalyst in an autoclave reactor are presented in considerable 
detail and discussed. 
 
 
 
 
 
 
 
 
 
 
 
 5 KINETICS OF PROPENE EPOXIDATION IN A 
BATCH REACTOR 
This chapter describes the kinetics of the heterogeneous catalytic epoxidation of 
propene to propene oxide with hydrogen peroxide as the oxidant and titanium silicalite (TS-1) 
as the catalyst which was studied under mild conditions in an autoclave reactor using 
methanol/water mixtures as the solvent. The effects of stirring speed, catalyst loading, 
reactant concentration, reaction temperature, solvent composition and solvent variation on the 
propene oxidation are presented and discussed. 
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5.1 Introduction 
Although the liquid-phase epoxidation of propene using hydrogen peroxide and TS-1 
catalyst has been studied for several decades, only a limited number of works have been 
devoted to detailed kinetics studies [50, 168]. This chapter presents the results of the kinetics 
study into the epoxidation of propene to propene oxide using hydrogen peroxide as the 
oxidant, methanol/water as the solvent, and TS-1 as the catalyst under operating conditions 
different from those used in previous studies. In particular, the reaction conditions were 
extended to lower concentrations of reactants and milder pressures. Previous kinetics studies 
have examined methanol/water and isopropanol solvents [50, 168], which are found to 
increase the reaction rate as a result of the enhanced solubility of propene. In the present study, 
unexpected results were obtained concerning the effect of the methanol content where 
methanol was found to inhibit the initial rates. It is shown that this effect could be explained 
by a reaction model that includes a term for methanol competitive adsorption and allows for 
the increased solubility of propene as a function of methanol concentration. Furthermore, the 
data are demonstrated to favour a Langmuir–Hinshelwood-type formulation of the rate 
equation. 
 
5.2 Experimental  
TS-1 catalyst was prepared according to the procedures described in Section 4.1.1 and 
was characterised as presented in Section 4.1.2. The kinetics study into the propene 
epoxidation was conducted in an autoclave reactor described in Section 3.2.1. The 
experimental procedures presented in Section 3.2.1 were used. It is noted that a range of low 
concentrations of hydrogen peroxide and propene was employed in this work, whereas most 
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of previous studies conducted in a batch reactor have used pure propene [3, 19, 24, 27, 29, 58, 
168]. 
Conversion of hydrogen peroxide, utilisation of hydrogen peroxide, selectivity to 
propene oxide, selectivity to byproducts, and yield of propene oxide are defined by the 
following equations. 
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The initial rates of the chemical reaction were calculated from tangential slopes at t = 0 
using exponential curve fitting (Appendix D). 
 
5.3 TS-1 Performance at Normal Operating Conditions 
Prior to the propene epoxidation experiments in the Büchi autoclave system, the effects 
of the reactor metal and catalyst on the decomposition of hydrogen peroxide were examined 
(Figure F.2 in Appendix F). The decomposition of hydrogen peroxide by TS-1 catalyst was 
observed to be 3.3% after 5 h at normal operating conditions, and the effect of the reactor 
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metal was negligible (only 0.3% after 5 h). The reproducibility of the propene epoxidation 
experiments in the Büchi autoclave system was also tested and confirmed that the 
experimental error was within ±5% (Figure F.3 in Appendix F). In order to assure the 
reproducibility of the kinetics tests, TS-1 catalyst prepared in the same batch was used for the 
rest of experiments reported in this chapter except Section 5.10.  
Figure 5.1 shows the performance of TS-1 at normal operating conditions in the 
autoclave reactor. TS-1 catalyst prepared in this study showed a high catalytic activity 
comparable to the results reported in the previous literature [3, 168]. After 5 h, 92% of the 
hydrogen peroxide has been consumed. The selectivity to propene oxide gradually decreased 
with time to 93% after 5 h. TS-1 is a weak acid catalyst, which can lead to the solvolysis of 
propene oxide. All of the observed byproducts were generated from propene oxide by the 
cleavage of oxirane ring by nucleophiles [22]. In the hydrolysis of propene oxide, propene 
glycol is formed from water, and propene glycol monomethyl ether is formed from reaction 
with methanol. The utilisation of hydrogen peroxide was kept between 88% and 96% for 5 h. 
The main byproducts were 1-methoxy-2-propanol and 2-methoxy-1-propanol, and small 
amounts of 3-methoxy-1-propanol and 1, 2-propanediol were also detected. 
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Figure 5.1 Propene epoxidation in an autoclave reactor at normal operating conditions: (a) 
concentrations of hydrogen peroxide, propene oxide and byproducts, and (b) conversion of 
hydrogen peroxide, utilisation of hydrogen peroxide, selectivity to propene oxide, selectivity 
to byproducts and yield of propene oxide. Reaction conditions: 40 °C, 7 bar (10% C3H6/N2), 
0.35 wt% H2O2, 50 wt% CH3OH, 0.28 g of TS-1, 1000 rpm stirring. 
 
5.4 Mass-Transfer Limitations 
The epoxidation of propene is a heterogeneous gas–liquid–solid catalysed reaction. To 
investigate the true kinetics, mass-transfer resistances between the phases must be removed. 
In this study, a self-aspirating stirrer was used to intensify the contact between the phases by 
recycling gas inside the autoclave. The mass-transfer resistances were controlled by the level 
of turbulence induced by stirring. A Rushton turbine type impeller with six vertical blades was 
employed to generate large vortices. The Reynolds number (Re) was 33000 at an agitation 
speed of 1000 rpm. Therefore, the system was operated in a completely turbulent flow regime 
(Re > 10000) [169]. The system was maintained in turbulent flow even at 500 rpm (Re = 
16500) but fell into laminar flow below 300 rpm.  
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The effect of the agitation speed of the stirrer on the initial rate of reaction was 
examined in the range of 100–1500 rpm (Figure F.4 in Appendix F). As can be seen in Figure 
5.2, the rate of reaction was independent of agitation speed when the agitation speed was 
greater than 500 rpm. This is clear evidence for the absence of gas–liquid mass-transfer 
resistance at and above 500 rpm of stirring speed. Thus, 1000 rpm was employed for the 
speed of agitation in all further experiments.  
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Figure 5.2 Effect of agitation speed on the initial rate of propene epoxidation. Reaction 
conditions: 40 °C, 7 bar (10% C3H6/N2), 0.35 wt% H2O2, 50 wt% CH3OH, 0.28 g of TS-1, 
100–1500 rpm stirring. 
 
The Mears criterion allows for the estimation of possible mass-transfer limitations from 
the bulk fluid to the surface of catalyst [170]. The following Wilke–Chang equation was used 
to calculate the diffusion coefficient of propene in a mixture of water and methanol [171]. 
6.0
2/18 )(104.7
AB
B
AB V
TM
D 
                                   Equation 5.6 
Wilke and Chang recommended that the association factor of solvent ( ) should be 
chosen as 2.6 for water and 1.9 for methanol. An averaged value 2.25 was used for the solvent 
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association factor, considering the volume fractions of methanol and water in the solvent 
mixture. The same consideration was given to calculate the parameters in relation with 
solvent. The dimensionless numbers, such as the Schmidt number (Sc), Reynolds number (Re), 
and Sherwood number (Sh), and the mass-transfer coefficient (kc) were calculated according 
to the following equations [170]. 
ABD
Sc
                                                 Equation 5.7 
Re 
2Nd
3/12/1
                                               Equation 5.8 
Re6.02 ScSh                                      Equation 5.9 
AB
pc
D
dk
Sh                                              Equation 5.10 
The Mears criterion is defined by Equation 5.11. The values of the related parameters 
are collected in Table 5.1. The Mears criterion calculated for the reactor system was much less 
than 0.15, which shows that external diffusion resistance can be neglected [170]. 
Ac
pA
m Ck
Rnr
C
'                                          Equation 5.11 
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Table 5.1 Calculation results for liquid–solid mass-transfer limitations. 
parameter description unit value 
ABD  diffusion coefficient m2 s-1 2.5 × 10-9 
Sc  Schmidt number – 248 
Re  Reynolds number – 33029 
Sh  Sherwood number – 687 
ck  mass-transfer coefficient m s-1 6.859 
'
Ar  rate of reaction kmol kgcat-1 s-1 6.684 × 10-5 
mC  Mears criterion – 5.71 × 10-12 
 
To check the possibility of internal mass-transfer limitations, the effectiveness factor 
was calculated from the Thiele modulus and the effective diffusivity. The effective diffusivity 
and Thiele modulus were calculated using the following equations [170]. 

 pAB
e
D
D                                            Equation 5.12 
e
ap
D
Sk
R
 11                                          Equation 5.13 
)1coth(
3
112
1
                                     Equation 5.14 
The values of these parameters are collected in Table 5.2. The porosity, constriction 
factor, and tortuosity of catalyst particle were assumed with typical values that have been 
commonly used for the calculation of the effective diffusivity of catalyst particles. The 
effectiveness factor was very close to 1, which demonstrates that internal mass diffusion 
inside the catalyst particle had negligible resistance [170]. These findings confirm that the 
chemical reaction on the surface of catalyst was rate limiting. 
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Table 5.2 Calculation results for internal mass-transfer limitations. 
parameter description unit value 
p  porosity of catalyst – 0.4 
  constriction factor – 0.8 
  tortuosity – 3 
eD  effective diffusivity m2 s-1 2.66 × 10-10 
1k  rate constant m3 m-2 s-1 2.11 × 10-10 
c  density of catalyst kg m-3 2370 
aS  surface area of catalyst m2 kg-1 421000 
1  Thiele modulus – 0.003488 
  internal effectiveness factor – 0.9999 
 
5.5 Catalyst Loading 
The effects of catalyst loading on the initial rate and selectivity of propene epoxidation 
were studied in a range of catalyst concentrations (Figure F.5 in Appendix F). In Figure 5.3, 
the initial rate was found to be proportional to the catalyst loading, and this linearity 
reconfirms the absence of mass-transfer resistance. In Figure 5.3a, it seems that the data point 
at the largest reciprocal of catalyst loading has a significant upward deviation from a 
regression line. This is because, at a low level of catalyst loading, the measured rate of 
reaction in a batch reactor can be affected easily by several factors such as slight catalyst loss 
from splashing. 
The initial rate increased linearly with the amount of catalyst, but the selectivity to 
propene oxide decreased with an increase in the catalyst loading, in particular at higher 
catalyst loading (Figure 5.3b). The selectivity to propene oxide after 5 h was as low as 86% 
when 0.5 g of TS-1 was used. 
 
 Chapter 5. Kinetics of Propene Epoxidation in a Batch Reactor 
 122
0 1 2 3 4 5 6 7
0
5
10
15
20
25
30
8
1/
r 0
 [k
g 
h 
m
ol
-1
]
1/w0 [g
-1]
(a)
 
0 1 2 3 4 5
84
88
92
96
100
Se
le
ct
iv
ity
 to
 p
ro
pe
ne
 o
xi
de
 [%
]
Time [h]
 0.14 g
 0.21 g
 0.28 g
 0.42 g
 0.50 g
(b)
w0
 
Figure 5.3 Effect of catalyst loading on (a) initial rate of propene epoxidation and (b) 
selectivity to propene oxide. Reaction conditions: 40 °C, 7 bar (10% C3H6/N2), 0.35 wt% 
H2O2, 50 wt% CH3OH, 0.14–0.50 g of TS-1, 1000 rpm stirring. 
 
5.6 Initial Concentration of Hydrogen Peroxide 
The effect of the concentration of hydrogen peroxide on the initial rate is shown in 
Figure 5.4 (Figure F.6 in Appendix F). The results indicate that the order of reaction is 0.67 
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with respect to hydrogen peroxide. This finding is consistent with that of Clerici et al. [3], 
who reported that the reaction order with respect to hydrogen peroxide is between zero and 
unity. Also, a similar fractional order can be indirectly confirmed when a power-law model is 
applied to the results presented by Liang and colleagues [168]. However, Thiele et al. [22] 
reported that hydrogen peroxide was consumed according to pseudo-first-order kinetics. 
As the initial concentration of hydrogen peroxide increased, the selectivity to propene 
oxide decreased. The selectivity to propene oxide after 5 h was 84% when the initial 
concentration of hydrogen peroxide was 0.2 mol kg-1, which is twice the hydrogen peroxide 
concentration at normal operating conditions. These results suggest that the initial 
concentration of hydrogen peroxide should be adjusted according to the propene feed 
concentration in order to minimise side reactions of propene oxide in commercial applications. 
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Figure 5.4 Effect of initial hydrogen peroxide concentration on the initial rate of propene 
epoxidation. Reaction conditions: 40 °C, 7 bar (10% C3H6/N2), 0.17–0.70 wt% H2O2, 50 wt% 
CH3OH, 0.28 g of TS-1, 1000 rpm stirring. 
 
 Chapter 5. Kinetics of Propene Epoxidation in a Batch Reactor 
 124
5.7 Initial Propene Partial Pressure 
The results obtained at various initial propene partial pressures (0.3–0.8 bar) are 
presented in Figure 5.5 (Figure F.7 in Appendix F), which indicate that the order with respect 
to propene was 0.63. This result differs from those reported in some published studies. Close 
to first order can be obtained with respect to propene when a power-law model is applied to 
the results presented by Liang et al. [168], and Lee et al. [172] reported that propene follows 
pseudo-first-order kinetics over methyltrioxorhenium catalyst. This discrepancy might be due 
to different solvents and higher concentrations of reactants employed in the previous studies. 
The effect of the solvent is discussed in Section 5.9 and 5.10.  
The production rate of propene oxide increased with increasing propene partial pressure, 
as expected, but the selectivity to propene oxide was highest when the propene partial 
pressure was 0.7 bar. A possible explanation for this is that a propene partial pressure of 0.7 
bar provides the stoichiometric amount of propene for the initial concentration of hydrogen 
peroxide, which is favourable for maintaining high selectivity. 
 
 
 
 Chapter 5. Kinetics of Propene Epoxidation in a Batch Reactor 
 125
0.0 0.5 1.0 1.5
0.0
0.5
1.0
1.5
2.0
2.5
3.0
-ln
 (r
0)
-ln (P0)
slope = 0.632
 
Figure 5.5 Effect of initial propene partial pressure on the initial rate of propene epoxidation. 
Reaction conditions: 40 °C, 3–8 bar (10% C3H6/N2), 0.35 wt% H2O2, 50 wt% CH3OH, 0.28 g 
of TS-1, 1000 rpm stirring. 
 
5.8 Reaction Temperature 
Figure 5.6 shows the effect of the reaction temperature on propene epoxidation. The 
initial rate increased with an increase in temperature, but the selectivity to propene oxide 
decreased, which led to low production rate of propene oxide as the reaction proceeded. It is 
noteworthy that there was a significant difference in the selectivity between 40 and 50 °C. In 
particular, a large amount of 1,2-propanediol was produced at 50 °C. 
The Arrhenius plot shown in Figure 5.7 gives an activation energy 25.8 kJ mol-1 for 
propene epoxidation over TS-1 catalyst. This apparent activation energy is close to that 
reported over TS-1 in isopropanol by Liang et al. [168]. 
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Figure 5.6 Effect of reaction temperature on (a) propene oxide production and (b) selectivity 
to propene oxide. Reaction conditions: 21–50 °C, 7 bar (10% C3H6/N2), 0.35 wt% H2O2, 50 
wt% CH3OH, 0.28 g of TS-1, 1000 rpm stirring. 
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Figure 5.7 Arrhenius plot of propene epoxidation. Reaction conditions: 21–50 °C, 7 bar (10% 
C3H6/N2), 0.35 wt% H2O2, 50 wt% CH3OH, 0.28 g of TS-1, 1000 rpm stirring. 
 
5.9 Concentration of Methanol 
Good catalytic performance can be achieved in solvents that are able to dissolve both 
propene and hydrogen peroxide. It is known that methanol is the best among many kinds of 
protic or aprotic solvents [3, 22, 26, 27, 58]. Therefore, methanol/water mixtures were used as 
the solvent in this study. 
The variations in the propene oxide concentration and selectivity with varying weight 
percentage of methanol are presented in Figure 5.8. As shown in Figure 5.8b, there was only a 
slight difference in the selectivity to propene oxide when the water content was below 50%, 
but the selectivity decreased dramatically as the water content increased beyond this 
concentration. In particular, the formation of 1,2-propanediol was greatly promoted by water. 
This result is consistent with those of previous researchers [3, 26, 50]. 
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Figure 5.8 Effect of methanol concentration on (a) propene oxide production and (b) 
selectivity to propene oxide. Reaction conditions: 40 °C, 7 bar (10% C3H6/N2), 0.35 wt% 
H2O2, 0–70 wt% CH3OH, 0.28 g of TS-1, 1000 rpm stirring. 
 
It is known that the reaction rate of propene epoxidation generally increases with 
increasing methanol content because the solubility of propene in methanol is higher than that 
in water [3, 12, 26, 50]. Contrary to expectations, in the present study, the initial rate of 
propene oxide production was found to decrease with increasing amount of methanol with a 
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high degree of linearity, as shown in Figure 5.8a. Interestingly, the initial rate showed a 
maximum at low methanol concentration and was fairly high even when there was no 
methanol (Figure 5.8a inset). However, in water, the productivity to propene oxide for 5 h was 
very low when compared with that in methanol/water mixtures. The final concentration of 
propene oxide after 5 h was highest at 50% methanol content because side reactions were 
promoted at less than 50% methanol and the reaction rate was low at greater than 50% 
methanol. 
These results showing a decreasing rate with increasing methanol content are quite 
different from previously reported work on the influence of methanol and indicate that 
methanol can act as an inhibitor through competitive adsorption. The observation of a slight 
maximum at low methanol content also points to the more conventional effect of enhancing 
the solubility of propene. It seems likely that this inhibiting effect of methanol was magnified 
by the mild conditions used in the present study and masked in earlier works that used higher 
concentrations of hydrogen peroxide and higher propene pressures. 
Previous kinetic studies have sought to fit the rate of this reaction to Eley–Rideal or 
Langmuir–Hinshelwood model equations (a description of Eley–Rideal and Langmuir–
Hinshelwood mechanism is presented in Appendix E). For example, Liang et al. [168] 
concluded that an Eley–Rideal model with adsorption of hydrogen peroxide and free propene 
was the best fit to their experimental data. The proposed rate equation also allowed for 
competitive adsorption by propene and the product propene oxide [168]. To gain better insight 
into the effects of the reactants, product, and methanol concentration on the initial reaction 
rate, Eley–Rideal and Langmuir–Hinshelwood model equations incorporating a term for 
competitive adsorption of methanol and allowance for the enhancement of propene solubility 
were used to fit to the present experimental data. For example, a Langmuir–Hinshelwood (L–
H) model can be expressed by Equation 5.15, where  and  are Henry’s law OHEH 2, MeOHEH ,
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constants for water and methanol, respectively. The denominator of Equation 5.15 can be 
modified in the case of a dual-site L–H model to give Equation 5.16. 
2
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  Equation 5.16 
An Eley–Rideal model with free propene can be represented by Equation 5.17, where 
allowance is also made for competitive adsorption of propene following Liang et al [168]. A 
similar equation can be derived for the case where hydrogen peroxide is free.  
MeOHHCMeOHEMeOHOHEOHOH
HCMeOHEMeOHOHEOHOH
CKPHHKCK
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r
3,,21
,,1
0
632222
632222
)(1
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
              Equation 5.17 
Table 5.3 summarises the Henry’s law constants (HE) of propene with respect to water 
and methanol that were used to consider the relative amounts of dissolved propene in the 
different solvent mixtures [173-175]. 
 
Table 5.3 Henry’s law constants of propene in water and methanol at 40 °C [173-175]. 
solvent EH  (atm) EH  (mol L
-1 atm-1) OHEMeOHE HH 2,, /  
water 6667 8.3 × 10-3 
methanol 90.5 2.6 × 10-1 
31.3 
 
To augment the analysis, three additional measurements of initial rates were made 
(Table 5.4). Eley–Rideal and L–H model equations were evaluated, and statistical analysis 
was carried out using all of the measured initial rates and a nonlinear least-squares function of 
software R. Converged solutions were not found for the Eley–Rideal models with competitive 
adsorption of methanol as in Equation 5.17. The nonlinear regression analysis showed that the 
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initial rate data could be fitted best by a form of L–H model equation. The parity plot 
presented in Figure 5.9 shows that there is good agreement between the experimental and 
predicted initial rates at various reactant and solvent concentrations. In Figure 5.10, the 
experimental initial rates are fitted by the L–H models with respect to methanol content. The 
kinetic parameters and the results of t and F tests are given in Table 5.5. 
 
Table 5.4 Additional measurement of initial rates. 
H2O2 (wt%) 63HCP  (bar) CH3OH (wt%) 0r (mol L
-1 g cat-1 min-1) 
0.35 2.8 50 0.0165 
1.05 0.7 50 0.0103 
1.05 2.8 10 0.0167 
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Figure 5.9 Parity plot (95% confidence intervals for slope by the L–H single-site model = 
0.9938 ± 0.0208, 95% confidence intervals for slope by the L–H dual-site model = 0.9982 ± 
0.0114). 
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Figure 5.10 Comparison of experimental initial rates and fitting by the Langmuir–
Hinshelwood models with respect to methanol content. 
 
Table 5.5 Statistical results of kinetic parameters. 
t test (p value) 
model 
21KkK  1K  2K  3K  4K  
(I) L–H single-site 3.70 × 10-3 8.35 × 10-4 4.96 × 10-2 2.02 × 10-5 - 
(II) L–H dual-site 1.53 × 10-5 2.83 × 10-3 1.90 × 10-3 1.11 × 10-2 1.18 × 10-5 
 
model F test  (p value) RSS σ
2 
(I) L–H single-site 6.14 × 10-9 7.38 × 10-6 4.92 × 10-7 
(II) L–H dual-site 3.11 × 10-10 2.21 × 10-6 1.47 × 10-7 
 
According to the F test, the L–H dual-site model (model II) is statistically more 
significant than the single-site model (model I). However, model I also gives a small residual 
sum of squares (RSS) and variance (σ2), which leads to good fitting to the initial rate data. 
Thus, it can be concluded that methanol competes with propene and hydrogen peroxide for 
adsorption on single sites or on dual sites of the catalyst surface. Based solely on the present 
results, it is not possible to differentiate unambiguously between the two L–H models. The 
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kinetic parameters with 95% confidence intervals for model I and model II are presented in 
Table 5.6. 
 
Table 5.6 Kinetic parameters with 95% confidence intervals for L–H single-site and dual-site 
models at 40 °C. 
parameter unit L–H single-site model L–H dual-site model 
k  mol L-1 gcat-1 min-1 1.66 ± 0.98 0.20 ± 0.056 
1K  L mol
-1 9.74 ± 4.63 9.66 ± 5.31 
2K  L mol-1 4.15 ± 4.07 20.57 ± 10.65 
3K  L mol-1 0.57 ± 0.17 0.12 ± 0.08 
4K  L mol
-1 – 0.96 ± 0.26 
 
It is known that the high activity of TS-1 in propene epoxidation is attributable in part 
to its hydrophobicity as it preferentially adsorbs the less polar molecules propene and H2O2. 
Methanol would be expected to be preferentially absorbed on the active sites of TS-1 from 
water. The values of the adsorption constants in Table 5.6 are in the order propene ≈ H2O2 > 
methanol, which is consistent with the polarities of these species. Although the adsorption 
constant of methanol is relatively small, the methanol concentration is large, giving rise to a 
significant effect on the reaction rate. The TS-1 catalyst prepared in this study contained only 
tetrahedral Ti and no anatase TiO2 phase or extraframework Ti. On balance, the dual-site L–H 
model (II) would seem to be more consistent with the known structure of TS-1. 
In Table 5.7, the operating conditions used in this work are compared with those of 
previous studies that investigated the effect of methanol content. Presented in Figure 5.11 are 
initial rates with respect to methanol content calculated at various propene and hydrogen 
peroxide concentrations spanning the present and previously reported conditions, using 
Equation 5.15 and the parameters of Table 5.6 (similar set of curves can be generated from 
Equation 5.16). From this simulation, it can be seen that the dependence of the initial rates of 
propene epoxidation on the methanol content can follow various trends, either increasing or 
 Chapter 5. Kinetics of Propene Epoxidation in a Batch Reactor 
 134
decreasing, according to the levels of reactant concentrations. This means that the increases in 
reaction rate with increasing amount of methanol observed in the previous studies were a 
consequence of the higher reactant concentrations used, which overcame the effect of 
competitive adsorption by methanol. 
 
Table 5.7 Comparison of conditions used for investigations into the effect of methanol 
content. 
reference 
22OH
C  (mol L-1) 
63HC
P  (atm) catalyst (g L-1) temp (°C) 
this study 0.1 0.7 4 40 
Wang et al. [50] 
Li et al. [26] 
0.45 4 12 60 
Chen et al. [12] 1 1 9 25 
Clerici et al. [3] 0.5–1.75 4–8 4–8 25–60 
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Figure 5.11 Initial rates of propene epoxidation at various reactant and methanol 
concentrations predicted by the Langmuir–Hinshelwood model Equation 5.15. 
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5.10 Effect of Solvent 
In the previous section, the effect of methanol was investigated and the methanol 
solvent showed an unexpected trend of decreasing initial rate with increasing methanol 
content. It was confirmed by applying kinetics models that methanol competes with other 
reactants for the adsorption on the active titanium sites. This motivated further experiments 
with various protic and aprotic solvents to investigate the influence of other solvents on the 
propene epoxidation and check if the same trend with regard to content would be gained by 
the solvents. Ethanol, isopropanol, n-butanol and tert-butanol were chosen as protic solvent, 
and acetone and acetonitrile were chosen as aprotic solvent.  
Figure 5.12 shows the effect of solvents on the initial rates according to their contents 
(the initial rates in each solvent are more clearly shown in Figure 5.13 and the propene oxide 
concentration with time in each solvent can be seen in Figure F.8 in Appendix F). As 
mentioned in Section 5.3, a different batch of TS-1 catalyst was used for the experiments 
reported in this section. Also, a smaller amount of TS-1 catalyst (0.12 g) was employed to get 
reasonable reaction time. Therefore, the initial rates in methanol shown in Figure 5.12 are 
different from those in Figure 5.10. 
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Figure 5.12 Effect of solvents on the initial rates of propene epoxidation. Reaction 
conditions: 40 °C, 7 bar (10% C3H6/N2), 0.35 wt% H2O2, 0–100 wt% solvent, 0.12 g of TS-1, 
1000 rpm stirring. 
 
In Figure 5.12, it can be said that the initial rate of propene epoxidation generally 
decreased with increasing content of solvent in all solvents. However, in the range of low 
concentrations of solvents, a maximum of initial rate was not observed in other solvents 
except methanol. As a result, the initial rates in the mixtures of water and other solvents were 
lower than that in pure water, regardless of the composition of the mixture. This indicates that 
the addition of other solvents is not beneficial tor the propene epoxidation. This is somewhat 
surprising because it has been reported that other solvents as well as methanol showed higher 
reaction rates than water [26, 27, 50].  
The results gained in protic solvents can be explained by the inhibiting effect of 
solvents which is similar to that of methanol described in the previous section. Basically, the 
protic solvents used have a comparable or higher solubility of propene when compared with 
methanol, as shown in Table 5.8. However, all other factors are expected to lower the reaction 
rate of epoxidation.  
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Table 5.8 Henry’s law constants, dielectric constants and dipole moments of various solvents. 
solvent EH
1) 
(atm) 
EH
1) 
(mol L-1 atm-1) 
dielectric 
constant 2) 
dipole 
moment reference 
water 6667 8.3 × 10-3 81.9 1.85 [173, 175-177] 
methanol 90.5 2.6 × 10-1 32.6 1.70 [59, 174, 177] 
ethanol 77.2 2.2 × 10-1 25.7 1.69 [176-178] 
isopropanol 45.8 2.8 × 10-1 19.9 1.66 [59, 177, 179] 
n-butanol 38.1 2.9 × 10-1 18.4 1.66 [176, 180, 181] 
tert-butanol 33.8 3.1 × 10-1 16.5 1.75 [59, 177, 182] 
acetone 31.3 4.3 × 10-1 20.5 2.88 [59, 177, 183] 
acetonitrile 54.7 3.5 × 10-1 35.9 3.92 [59, 177, 184] 
1) Henry’s law constant of propene in a solvent at 40 °C. 
2) Dielectric constant at 25 °C. 
 
The alkyl groups longer than methyl have a higher electron donating ability. This gives 
rise to a higher electron density of oxygen in alcohol molecules leading to the decrease of 
electrophilicity of the intermediates, which results in low reaction rate [27, 59]. The longer 
length of alkyl group makes alcohol molecules difficult to diffuse into catalyst pores and 
reach the active sites of catalyst for the formation of the intermediate [27, 50, 59]. Also, it is 
difficult for the byproducts generated by longer alcohol molecules to diffuse out of pores, 
which accelerates the catalyst deactivation [27, 59].  
When considering the dielectric constants and dipole moments of solvents which are 
listed in Table 5.8, it can be said that the polarity of the solvents decreases with the length of 
alkyl group. It is known that the oxygen atom in the hydroperoxide of the intermediate is 
easily transferred to propene in solvents with high polarity [26]. Furthermore, the reduced 
polarity is expected to enhance the adsorption of alcohol molecules on the catalyst active sites, 
inhibiting propene epoxidation.  
It is also known that the possibility of oxidation of alcohol to aldehyde is higher in 
other alcohols than in methanol [50, 59]. Lastly, all these factors are likely to be magnified by 
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the mild conditions using low concentrations of reactants. Consequently, the reaction rates 
were quite low in all compositions of the mixtures of water and solvents other than methanol. 
In particular, the longest alcohols, n-butanol and tert-butanol, have extremely low activities. 
In spite of slightly higher solubilities of propene in aprotic solvents and slightly higher 
polarities of aprotic solvents (Table 5.8), the reaction rates were relatively low in the aprotic 
solvents. This can be explained simply by the fact that the active five-membered cyclic 
structure is not formed by aprotic solvents. However, the reaction rate in acetone was 
comparable to that in ethanol, and the reaction rate in acetonitrile was comparable to that in 
tert-butanol (Figure 5.12). It seems that this is because side reactions such as the oxidation of 
solvent and the epoxide ring-opening reaction by solvent hardly occur in aprotic solvents. 
The Langmuir–Hinshelwood model equations used in Section 5.9 were employed to 
check the adsorption constants of other solvents. For this purpose, the adsorption constants of 
hydrogen peroxide and propene reported in Section 5.9 were used in the calculations. In 
Figure 5.13, the experimental initial rates are fitted by the L–H single-site and dual-site 
models with respect to solvent content. The parity plot for the fitting is presented in Figure 
5.14, which shows good agreement between the experimental and predicted initial rates. 
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Figure 5.13 Experimental initial rates and fitting by the L–H models with respect to the 
content of various solvents. 
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Figure 5.14 Parity plot for initial rates in various solvents (95% confidence intervals for slope 
by the L–H single-site model = 0.9825 ± 0.0254, 95% confidence intervals for slope by the 
L–H dual-site model = 0.9872 ± 0.0209). 
 
The kinetic parameters with 95% confidence intervals for the L–H models are 
presented in Table 5.9 (the statistical results of kinetic parameters for various solvents are 
summarised in Table F.1 in Appendix F). In Table 5.9, the values of reaction rate constants (k) 
determined by the L–H kinetics models are very similar in all solvents. In the L–H single-site 
model, the values of the adsorption constants for solvent ( 3K ) are in the order of n-butanol > 
tert-butanol > acetonitrile > isopropanol ≈ acetone > ethanol > methanol which is roughly 
consistent with the reverse order of the activities of solvents. In the L–H dual-site model, 3K  
values were much smaller than 4K  values in isopropanol, n-butanol, tert-butanol and 
acetonitrile. From the L–H dual-site model point of view, this means that these solvent 
molecules compete preferentially with propene rather than hydrogen peroxide. 
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Table 5.9 Kinetic parameters with 95% confidence intervals for L–H single-site and dual-site 
models obtained in various solvents at 40 °C. 
(I) L–H single-site model 1) (II) L–H dual-site model 2) 
solvent k  
(mol L-1 gcat-1 min-1) 
3K  
(mol min-1) 
k  
(mol L-1 gcat-1 min-1)
3K  
(mol min-1) 
4K  
(mol min-1) 
methanol 6.03 ± 2.08 0.37 ± 0.14 0.69 ± 0.32 0.36 ± 2.03 0.12 ± 1.22 
ethanol 5.41 ± 1.57 1.58 ± 0.32 0.60 ± 0.10 1.75 ± 17.5 0.62 ± 8.49 
isopropanol 5.36 ± 1.90 2.82 ± 1.64 0.60 ± 0.10 0.00 ± 0.20 8.23 ± 5.29 
n-butanol 5.40 ± 0.13 25.1 ± 19.2 0.60 ± 0.01 0.00 ± 0.36 264 ± 217 
tert-butanol 5.39 ± 1.64 8.32 ± 10.6 0.60 ± 0.14 0.00 ± 0.10 31.0 ± 63.0 
acetone 5.37 ± 1.33 2.81 ± 0.93 0.60 ± 0.07 0.15 ± 0.29 6.22 ± 2.70 
acetonitrile 5.39 ± 0.89 4.33 ± 2.71 0.60 ± 0.03 0.00 ± 0.13 18.2 ± 9.18 
1) K1 = 9.74 and K2 = 4.15 were used for L–H single-site model. 
2) K1 =9.66 and K2 = 20.57 were used for L–H dual-site model. 
 
In Figure 5.11, the simulation study has shown that the initial rates of propene 
epoxidation with respect to methanol can follow various trends according to the level of 
reactant concentration. Therefore, additional measurements of initial rates were made at 
higher concentrations of hydrogen peroxide and propene in order to experimentally prove the 
trends (Figure F.9 in Appendix F). Figure 5.15 shows that the initial rates increased with the 
methanol content between 0 and 40 wt% at higher reactant concentrations. This trend also can 
be seen in Figure 5.11. The results gained from the experiments and simulations support the 
idea that the inhibiting effect of methanol was masked in the previous studies by the high 
reactant concentrations used. 
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Figure 5.15 Initial rates of propene epoxidation at various concentrations of reactants and 
methanol. Reaction conditions: 40 °C, 0.7–3.5 bar (PC3H6), 0.35–3.5 wt% H2O2, 0–100 wt% 
CH3OH, 0.12 g of TS-1, 1000 rpm stirring. 
 
5.11 Concluding Remarks 
The change in operating conditions had a profound effect on the propene oxide 
concentration and selectivity. The selectivity to propene oxide decreased with increasing 
catalyst loading, reactant concentration, water content and reaction temperature, which, in 
turn, led to a decrease of the propene oxide concentration. The apparent orders of reaction 
with respect to hydrogen peroxide and propene were found to be 0.67 and 0.63, respectively. 
The apparent activation energy was determined to be 25.8 kJ mol-1. The concentration of 
solvent including methanol and water had a tradeoff effect on the concentration of propene 
oxide because the relative amounts of methanol and water affected the reaction rate and 
selectivity to propene oxide differently, that is, the reaction rate decreased but the selectivity 
increased with increasing methanol content.  
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The initial rates of propene oxide production were observed to decrease with increasing 
methanol content from a maximum at low methanol concentrations. This effect was shown to 
be due to the enhancement of propene solubility by methanol and the opposing effect of 
competitive adsorption by methanol. Langmuir–Hinshelwood single-site and dual-site rate 
equations were found to give a good fit to the initial rate data.  
All kinds of protic and aprotic solvents tested in this work were found to show a similar 
trend to methanol that the initial rate of propene epoxidation generally decreased with 
increasing content of solvent. However, the maximum of initial rate that was observed in the 
range of low concentrations of methanol was not observed in other solvents. Additional 
measurements of initial rates made at higher concentrations of hydrogen peroxide and 
propene buttressed the point that the inhibiting effect of methanol was masked in the previous 
studies by the high reactant concentrations used. 
In Chapter 6, the catalytic performance of TS-1 with impregnated with gold and 
palladium nanoparticles for the propene epoxidation in an autoclave reactor are presented and 
discussed.  
 
 
 
 
 
 
 
 
 
 
 
 6 PROPENE EPOXIDATION OVER PRECIOUS 
METAL CONTAINING TITANIUM SILICALITE 
(TS-1) IN A BATCH REACTOR 
This chapter presents the catalytic performance of titanium silicalite (TS-1) 
impregnated with precious metals, gold and palladium, for the propene epoxidation with 
hydrogen peroxide as the oxidant under mild conditions in an autoclave reactor. The effects of 
the kind of precious metal and treatment process such as drying, calcination and reduction in 
the catalyst preparation on the propene epoxidation and the decomposition of hydrogen 
peroxide are explored. 
 
 
 
 Chapter 6. Propene Epoxidation over Precious Metal Containing TS-1 in a Batch Reactor 
 145
6.1 Introduction 
As mentioned in Section 2.4.1, Hölderich’s and Beckman’s group have attempted to 
produce propene oxide using in situ generated hydrogen peroxide from hydrogen and oxygen 
under an aqueous condition. So far, however, little attention has been paid to both the 
characteristics of gold and bimetallic gold–palladium, which have been known to be highly 
active for the direct synthesis of hydrogen peroxide from hydrogen and oxygen [185-189], 
when supported on TS-1 for the liquid-phase epoxidation and the improvement of precious 
metals distribution on the surface of TS-1. Furthermore, the effect of catalyst calcination on 
the propene epoxidation was not fully elucidated in the previous studies because of very low 
propene oxide yield and selectivity caused by the formation of a large amount of propane in 
the H2–O2 system [70]. 
The agglomeration of precious metal nanoparticles on the outer surface of TS-1 has a 
detrimental effect on the hydrogen peroxide production in the H2–O2 system [75]. The present 
study has found that a more homogeneous dispersion of gold nanoparticles can be achieved 
by applying a sol immobilisation method, as mentioned in Section 4.2.2. The suppression of 
the agglomeration of precious metals is expected to raise the production rate of hydrogen 
peroxide in the H2–O2 system, but this study confirmed that it also makes a significant impact 
on the selectivity to byproducts as well as on the decomposition of hydrogen peroxide 
produced in the H2–O2 system.. 
Another important aim of this work is to clarify and compare the influences of the kind 
of precious metal and preparation method on the liquid-phase epoxidation of propene under 
mild conditions using hydrogen peroxide in a mixture of water and methanol. Milder 
conditions than previous studies were employed because a low concentration of hydrogen 
peroxide is expected to be maintained in the H2–O2 system. In order to separate the effects 
from the formation of hydrogen peroxide and make the effects more recognizable, ex situ 
produced hydrogen peroxide was used. The influence on the decomposition of hydrogen 
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peroxide was also studied. The presence of precious metals was found to not only increase the 
epoxidation reaction rate but also substantially catalyse the decomposition of hydrogen 
peroxide and side reactions, the extent of which was strongly dependent on the treatment 
process associated with precious metal impregnation, namely drying, calcination and 
reduction. The decline in selectivity to propene oxide over the dried precious metal containing 
TS-1 catalysts could be explained satisfactorily by the leaching of precious metals into the 
reaction medium.  
 
6.2 Experimental 
TS-1 catalyst was prepared according to the procedures described in Section 4.1.1 and 
had the same catalytic performance as reported in Section 5.3. Precious metal containing TS-1 
catalysts were prepared according to the procedures described in Section 4.2.1 and 
characterised as presented in Section 4.2.2. The performance of propene epoxidation and the 
decomposition of hydrogen peroxide over precious metal containing TS-1 catalysts were 
examined in an autoclave reactor described in Section 3.2.1. The experimental procedures 
presented in Section 3.2.1 were used. 
Conversion of hydrogen peroxide, selectivity to propene oxide, and yield of propene 
oxide are defined by the same equations in Section 5.2. The initial rates of the chemical 
reaction were calculated from tangential slopes at t = 0 using exponential curve fitting 
(Appendix D). 
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6.3 Decomposition of Hydrogen Peroxide over Precious 
Metal Containing TS-1 Catalysts 
Precious metals such as gold and palladium are active for the synthesis of hydrogen 
peroxide but also catalyse the decomposition of hydrogen peroxide [185-187, 190]. Therefore, 
prior to commencing the investigation into the influences of precious metal and treatment 
process on the propene epoxidation, hydrogen peroxide decomposition by each catalyst was 
inspected (Figure F.10 in Appendix F). In Figure 6.1, it was found that the decomposition of 
hydrogen peroxide was more vigorous on palladium than gold. The effect of treatment 
process on the decomposition was varied according to the kind of precious metal. The degree 
of hydrogen peroxide decomposition was maintained in the dried Au/TS-1 when compared 
with TS-1 alone, but increased by calcination and reduction. In the palladium containing TS-1, 
the decomposition of hydrogen peroxide was serious even in the dried Pd/TS-1 and drastically 
increased only by reduction. More severe decomposition of hydrogen peroxide observed in 
the calcined or reduced catalysts can be explained by the presence of metallic phase of 
precious metals.  
Basically, higher decomposition of hydrogen peroxide was observed in the Au–Pd/TS-1 
as a total amount of precious metals increased, but interestingly the decomposition of 
hydrogen peroxide was lower in the calcined Au–Pd/TS-1 when compared with the dried or 
reduced Au–Pd/TS-1. A possible explanation for this finding is that the presence of alloy of 
gold and palladium which was detected in the XRD analysis can reduce the decomposition of 
hydrogen peroxide. 
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Figure 6.1 Decomposition of hydrogen peroxide over various precious metal containing TS-1 
catalysts in a Büchi autoclave reactor. Conditions: 40 °C, 7 bar N2, 0.35 wt% H2O2, 50 wt% 
CH3OH, 0.28 g of catalyst, 1000 rpm stirring. 
 
6.4 Performance of Monometallic TS-1 Catalysts 
The propene epoxidation is known to be negatively affected by the impregnation of 
precious metals [13, 71, 191]. In Figure 6.2a, after 5 h, the concentration of propene oxide 
decreases as TS-1 > calcined Au/TS-1 > reduced Au/TS-1 > dried Au/TS-1. Despite the 
increase of hydrogen peroxide decomposition (Figure 6.1), the concentration of propene oxide 
was higher over the calcined Au/TS-1 or the reduced Au/TS-1 than over the dried Au/TS-1. 
As can be seen in Figure 6.2b, the side reactions were promoted by the presence of gold and 
the order of the selectivity to propene oxide was in the same order as above. Therefore, it can 
be said that the production rate of propene oxide over Au/TS-1 catalyst was affected mainly 
not by the hydrogen peroxide decomposition but the enhancement of side reactions. In 
particular, the selectivity to propene oxide was extremely low in the dried Au/TS-1 catalyst 
but improved by calcination or reduction. The cause of this finding is explained by the 
leaching of gold particles into the reaction medium in Section 6.6.   
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When it comes to the initial rates determined by the concentration of propene oxide 
produced, all the gold containing TS-1 catalysts showed a bit higher initial rates than that of 
TS-1 alone (Figure 6.2a). 
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Figure 6.2 Propene epoxidation over TS-1 and Au/TS-1 catalysts: (a) propene oxide 
production and (b) selectivity to propene oxide. Reaction conditions: 40 °C, 7 bar (10% 
C3H6/N2), 0.35 wt% H2O2, 50 wt% CH3OH, 0.28 g of catalyst, 1000 rpm stirring. 
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Figure 6.3 shows the results of propene epoxidation over Pd/TS-1 catalysts. Contrary to 
Au/TS-1 catalysts, after 5 h, the concentration of propene oxide was higher over the dried 
Pd/TS-1 than over the calcined Pd/TS-1 or the reduced Pd/TS-1. However, the impacts of the 
treatment processes on the selectivity to propene oxide were similar as shown in Figure 6.3b. 
Therefore, it can be said that the production rate of propene oxide over the Pd/TS-1 catalyst 
was affected dominantly by the hydrogen peroxide decomposition (Figure 6.1). After 5 h, the 
selectivity to byproducts in the Pd/TS-1 catalysts was five times higher than that in TS-1 
alone. 
As can be seen in Figure 6.3a, the dried Pd/TS-1 had a higher initial rate than TS-1 
alone but calcination and reduction reduced the initial rates, which were below that of TS-1 
alone. Therefore, the calcination or the reduction of Pd/TS-1 catalyst had no additional 
positive effect on the initial rate.  
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Figure 6.3 Propene epoxidation over TS-1 and Pd/TS-1 catalysts: (a) propene oxide 
production and (b) selectivity to propene oxide. Reaction conditions: 40 °C, 7 bar (10% 
C3H6/N2), 0.35 wt% H2O2, 50 wt% CH3OH, 0.28 g of catalyst, 1000 rpm stirring. 
 
6.5 Performance of Bimetallic TS-1 Catalysts 
Figure 6.4a shows the concentration of propene oxide produced over the Au–Pd/TS-1 
catalysts. After 5 h, the concentration of propene oxide was higher over the calcined Au-
Pd/TS-1 than over the dried Au–Pd/TS-1 or the reduced Au–Pd/TS-1 because of the 
significant side reactions over the dried Au–Pd/TS-1 and the vigorous hydrogen peroxide 
decomposition over the reduced Au–Pd/TS-1. In Figure 6.4b, the selectivity to propene oxide 
over the dried Au–Pd/TS-1 was as low as that over the dried Au/TS-1 because gold and 
palladium nanoparticles are physically mixed in this catalyst and the leached gold had a big 
impact on the selectivity. The selectivity to propene oxide was improved by calcination and 
reduction due to the immobilisation of precious metals. However, the propene oxide 
production over the reduced Au–Pd/TS-1 was greatly affected by the high decomposition of 
hydrogen peroxide (Figure 6.1). 
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The initial rates of all the Au-Pd/TS-1 catalysts were lower than that of precious metal 
free TS-1. The overall performances were also maintained poor because gold and palladium 
simultaneously promoted the decomposition of hydrogen peroxide and the production of 
byproducts.  
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Figure 6.4 Propene epoxidation over TS-1 and Au-Pd/TS-1 catalysts: (a) propene oxide 
production and (b) selectivity to propene oxide. Reaction conditions: 40 °C, 7 bar (10% 
C3H6/N2), 0.35 wt% H2O2, 50 wt% CH3OH, 0.28 g of catalyst, 1000 rpm stirring. 
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Figure 6.5 shows the yields of propene oxide over the various catalysts. After 5 h, there 
was no catalyst with a higher yield than TS-1 alone because the precious metals enhanced the 
formation of byproducts. After 1 h, some of the catalysts had higher propene yields due to 
high reaction rate and hydrogen peroxide decomposition but their yields deteriorated over the 
whole reaction time due to the acceleration of side reactions (Figure F.11 in Appendix F). 
 
 
Figure 6.5 Propene oxide yields over various precious metals containing TS-1 catalysts. 
Reaction conditions: 40 °C, 7 bar (10% C3H6/N2), 0.35 wt% H2O2, 50 wt% CH3OH, 0.28 g of 
catalyst, 1000 rpm stirring. 
 
6.6 Decomposition of Hydrogen Peroxide and Conversion of 
Propene Oxide over Precious Metal Solutions 
The noticeable decrease in selectivity to propene oxide over the dried catalysts, in 
particular the dried Au/TS-1, might be explained by the leaching of precious metals from TS-
1 into the reaction medium during experiment because the precious metals are expected to be 
immobilised on the surface of TS-1 particles in the process of calcination or reduction. 
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Therefore, propene epoxidation, hydrogen peroxide decomposition and conversion of propene 
oxide over precious metal solutions were tested to investigate the effects of the leaching of 
precious metals. Precious metal solutions containing the amount of gold or palladium which 
might be incorporated in 0.28 g of TS-1 were used in these tests. 
In the propene epoxidation, both HAuCl4·3H2O and PdCl2 solution showed very low 
activities, which were approximately 1% of the activity of precious metal free TS-1. 
Therefore, the increased initial rates observed in some of the precious metal containing TS-1 
catalysts suggest that a cooperative function between precious metals and TS-1 exists for the 
propene epoxidation. 
As shown in Figure 6.6a, the extents of hydrogen peroxide decomposition by gold and 
palladium solutions were quite different (Figure F.12 in Appendix F). There was almost no 
decomposition of hydrogen peroxide over the gold solution. However, after 5 h, 50% of 
hydrogen peroxide was decomposed over the PdCl2 solution. This explains the high hydrogen 
peroxide decomposition in the dried Pd/TS-1 and the dried Au-Pd/TS-1 catalysts shown in 
Figure 6.1. 
Figure 6.6b shows the conversion of propene oxide to byproducts over the precious 
metal solutions (Figure F.13 in Appendix F). To investigate the effect of leached precious 
metals on side reactions, a suitable amount of liquid propene oxide was included in the initial 
solvent solutions because all byproducts are produced from propene oxide. Figure 6.6b 
indicates that gold and palladium solutions made a similar contribution to the side reactions. 
Therefore, it demonstrates that the high selectivity to byproducts in the dried Au/TS-1 shown 
in Figure 6.2b was caused by the leaching of gold. The reason why the selectivity to 
byproducts in the dried Pd/TS-1 shown in Figure 6.3b is not as high as the dried Au/TS-1 
seems due to that the leaching of palladium was not vigorous as much as gold and a large 
portion of the leached palladium was used for the decomposition of hydrogen peroxide. 
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Figure 6.6 (a) Decomposition of hydrogen peroxide over Au and Pd solution. Conditions: 
40 °C, 7 bar N2, 0.35 wt% H2O2, 50 wt% CH3OH, 0.57g of 1 wt% HAuCl4·3H2O solution or 
0.48 g of 1 wt% PdCl2 solution, 1000 rpm stirring. (b) Conversion of propene oxide over Au 
and Pd solution. Reaction conditions: 40 °C, 7 bar N2, 0.35 wt% H2O2, 50 wt% CH3OH, 0.5 
wt% C3H6O, 0.57g of 1 wt% HAuCl4·3H2O solution or 0.48 g of 1 wt% PdCl2 solution, 1000 
rpm stirring. 
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6.7 Propene Epoxidation over Au/TS-1 Prepared by Sol 
Immobilisation 
The Au/TS-1 catalyst prepared by the sol immobilisation method described in Section 
4.2.1 was tested under the same conditions and compared with the reduced Au/TS-1 prepared 
by impregnation. In Figure 6.7a, there is a more distinctive trend of decreasing propene oxide 
concentration in the Au/TS-1 by sol immobilisation due to the acceleration of side reactions 
with time. In Figure 6.7b, after 5 h, the selectivity to propene oxide over the Au/TS-1 
prepared by sol immobilisation is lower than that of the reduced Au/TS-1 by 14%. In Figure 
6.7a, it is notable that the initial rate of the Au/TS-1 prepared by sol immobilisation is higher 
than the Au/TS-1 prepared by impregnation and reduction. 
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Figure 6.7 Propene epoxidation over Au/TS-1 catalysts prepared by impregnation (reduction) 
and sol immobilisation: (a) propene oxide production and (b) selectivity to propene oxide. 
Reaction conditions: 40 °C, 7 bar (10% C3H6/N2), 0.35 wt% H2O2, 50 wt% CH3OH, 0.28 g of 
catalyst, 1000 rpm stirring. 
 
Figure 6.8 shows that there is also a significant difference of hydrogen peroxide 
decomposition between two catalysts (Figure F.14 in Appendix F). The homogeneous 
dispersion of gold nanoparticles made the decomposition much more vigorous.  
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Figure 6.8 Decomposition of hydrogen peroxide over Au/TS-1 catalysts prepared by 
impregnation (reduction) and sol immobilisation. Conditions: 40 °C, 7 bar N2, 0.35 wt% H2O2, 
50 wt% CH3OH, 0.28 g of catalyst, 1000 rpm stirring. 
 
The increase of efficient surface area due to homogeneous dispersion of precious metal 
was found to have a negative effect on the decomposition of hydrogen peroxide in the present 
study but can lead to a positive effect on the generation of hydrogen peroxide and propene 
oxide in the H2–O2 system because it is known that hydrogen peroxide is produced on the 
active sites of precious metal and reacts directly with propene before its decomposition [71]. 
Therefore, the sol immobilisation method is highly recommended for the synthesis of 
precious metal containing TS-1 catalysts. However, the synthesis of precious metal containing 
TS-1 catalysts and reaction conditions should be optimised to minimise the decrease of 
selectivity to propene oxide and the amount of hydrogen peroxide decomposition. 
 
6.8 Concluding Remarks 
The impregnation of precious metals had a profound effect on the hydrogen peroxide 
decomposition and the propene epoxidation. In principle, the presence of precious metals 
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vigorously catalysed the side reactions and the hydrogen peroxide decomposition. The 
decomposition of hydrogen peroxide was more significant on palladium than gold and the 
effects of treatment processes on the decomposition were varied according to the kinds of 
precious metals. Some of the precious metal containing TS-1 catalysts showed higher initial 
rates and propene oxide yields after 1 h than TS-1 alone but could not lead to higher propene 
oxide yields after 5 h because of the enhancement of side reactions. Finally, there was no 
catalyst with a higher propene oxide yield after the whole reaction time than TS-1 alone. The 
alloy of gold and palladium existing in the calcined Au–Pd/TS-1 was found to reduce the 
hydrogen peroxide decomposition when compared with the dried or reduced Au–Pd/TS-1, but 
failed to gain a high propene oxide yield because of somewhat low reaction rate and 
selectivity to propene oxide. 
The exceptional performances of the dried catalysts could be explained satisfactorily by 
the leaching of precious metals into the reaction medium during experiment. Different from 
immobilised gold in the reduced or calcined catalysts, the leached gold nanoparticles 
remarkably catalysed non-selective oxidations to generate byproducts. The sol immobilisation 
method was found to be more efficient than simple impregnation for homogeneous dispersion 
of precious metal nanoparticles on TS-1 which would be favourable in the aqueous H2–O2 
system, but the production rate of propene oxide and selectivity to propene oxide seriously 
deteriorated.  
In the following chapters, the heterogeneous catalytic epoxidation of propene are 
investigated in structured reactors which are proposed as a new continuous reactor concept for 
propene epoxidation and other liquid-phase selective oxidation reactions. In Chapter 7, the 
results obtained in a monolith reactor at atmospheric pressure are presented and discussed.  
 
 
 
 
 7 PROPENE EPOXIDATION IN A MONOLITH 
REACTOR AT ATMOSPHERIC PRESSURE 
This chapter describes the heterogeneous catalytic epoxidation of propene to propene 
oxide under Taylor flow regime in a monolith reactor at atmospheric pressure. The effect of 
gas and liquid superficial velocities on the hydrodynamics of monolith reactor is presented 
and discussed in detail. The influence of the hydrodynamics of monolith reactor on the 
performance of propene epoxidation is also contained. 
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7.1 Introduction 
As mentioned in Section 2.5.1, catalytic gas–liquid–solid reactions have been employed 
extensively in numerous chemical processes. And conventional chemical reactors such as 
stirred tank slurry, slurry bubble column and trickle-bed reactor have been usually used as 
commercial-scale reactors for the multiphase chemical reactions. Recently, monolith reactors 
have gained more attention as a promising alternative as the use of regular structure 
incorporated with catalyst materials is expected to offer some distinguished advantages over 
the conventional reactors. Therefore, monolith reactor has widened its application areas in the 
chemical industry since its introduction for environmental engineering purposes in the mid-
1970s. When considering the application of TS-1 catalyst for propene epoxidation in an 
industrial-scale reactor, the advantage of monolith reactor therefore can give much 
prominence because nanoscaled TS-1 particles are too fine to be separated from the liquid 
solvent and product for activity recovery and reuse.  
The first commercial-scale propene oxide plant using ex situ produced hydrogen 
peroxide has recently started its operation [20, 21]. However, there is still a strong need to 
develop a more efficient reactor concept employing catalyst immobilisation to remove the 
necessity for the separation of TS-1 particles. 
Most of the previous experiments of propene epoxidation have been performed in 
autoclave reactors. Only a limited number of researchers investigated the performance of 
propene epoxidation in a gas-lift loop reactor or continuous flow fixed-bed reactors [15, 25, 
50, 53, 57]. In this study, a conventional monolith reactor was evaluated for propene 
epoxidation. For the continuous reactor application, TS-1 catalyst was immobilised on the 
inner wall of alumina tube. The effects of gas and liquid flow rates on the hydrodynamics of 
monolith reactor were investigated under Taylor flow regime at atmospheric pressure. It was 
found that the variation of hydrodynamics had a significant impact on the production of 
propene oxide. 
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7.2 Experimental 
TS-1 catalyst was prepared according to the procedures described in Section 4.1.1. 
Then, the TS-1 catalyst was immobilised on the inner wall of alumina tube with 8 mm inner 
diameter and 500 mm length using silica nanoparticles as described in Section 4.3. The 
catalyst coating layer was found to be sufficiently stable to endure the operating conditions of 
monolith reactor under Taylor flow regime. Less than 2 wt% of original weight of TS-1 
catalyst coating was lost at normal operating conditions, indicated as case 5 in Table 7.1, for 5 
h. The performance of propene epoxidation at various operating conditions of monolith 
reactor was investigated following the experimental procedures presented in Section 3.2.2.1. 
Photographs of Taylor gas bubbles and liquid slugs formed in the monolith reactor were taken 
using an Olympus high speed camera (i-SPEED 3). 
 
7.3 Hydrodynamics in a Monolith Reactor at Atmospheric 
Pressure 
The data from the two infra-red detectors mounted on the upper part of reactor column 
is shown in Figure 7.1. The plot shows the sudden changes in signal level when the Taylor 
bubbles pass consecutively two detectors. The time delay between the signals from detector 1 
and detector 2 is because of the relative position along the column. The detectors are usually 2 
cm apart. Hydrodynamic parameters such as Taylor bubble length (LTB), bubble rise velocity 
(UTB), liquid slug length (LLS) and slug rise velocity (ULS) can be calculated using the distance 
between detectors and the time difference between the detections of gas–liquid interface by 
each detector. For example, the bubble rise velocity and the Taylor bubble length can be 
expressed by the following equations, respectively.  
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2det,11det,2 tt
l
U dTB                                        Equation 7.1 
)( 1det,21det,3 ttUL TBTB                                     Equation 7.2 
where 1det,2t  and 2det,1t  are times of the moment when a liquid slug is replaced by a Taylor 
bubble at each detector and 1det,3t  is a time of the moment when a Taylor bubble is replaced 
by a liquid slug at detector 1. The distance between two detectors is given by dl . A similar 
process can be carried out to calculate the liquid slug length and the liquid slug rise velocity. 
 
 
Figure 7.1 Infra-red detector output with time [159]. 
 
Previous researchers suggested different values of Eötvös number, defined as Equation 
2.4, for the criterion to judge if tube diameters can be considered “small”. Bretherton [125] 
claimed that surface tension dominated flows are achieved when Eötvös number was below 
3.37, while White and Beardmore [192] suggested a criterion of Eötvös number < 4. 
According to the papers by Suo and Griffith [193] and Brauner and Maron [194], the critical 
value of Eötvös number for the criterion can range from 0.88 to (2π)2 [127]. The 8 mm 
diameter tube which was used for monolith reactor column gives a value of Eötvös number of 
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about 8.7. Although the 8 mm diameter tube is a bit larger to be regarded as a small diameter 
tube in terms of the criteria by Bretherton [125] and White and Beardmore [192], it can be 
regarded as a small diameter tube, where surface tension dominated flows occur, in terms of 
the criterion by Suo and Griffith [193] and Brauner and Maron [194]. 
As shown in Table 7.1, nine cases were selected with a variation in gas and liquid 
superficial velocities for operating conditions for the test of monolith reactor performance for 
propene epoxidation. To achieve Taylor flow regime in a small diameter tube, the gas 
injection ratio (ε), which is known to be linked with the transition of flow patterns, should be 
in the range of 0.2–0.9 [122]. Similarly, in this study, a stable Taylor flow was observed over 
the gas injection ratios ranged between 0.29 and 0.87 in the capillary tube. The capillary 
number (Ca) for the system used in this study ranges from 1.5 × 10-3 to 4.7 × 10-3. All 
hydrodynamic data were collected and analysed at these conditions.  
 
Table 7.1 Gas superficial velocities (VG) and liquid superficial velocities (VL) for operating 
conditions of a monolith reactor. 
case VG (m s-1) VL (m s-1) ε 
1 0.0355 0.022 0.62 
2 0.071 0.022 0.76 
3 0.142 0.022 0.87 
4 0.0355 0.044 0.45 
5 0.071 0.044 0.62 
6 0.142 0.044 0.76 
7 0.0355 0.088 0.29 
8 0.071 0.088 0.45 
9 0.142 0.088 0.62 
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Figure 7.2 Photographs of Taylor gas bubbles at various gas superficial velocities (VG) and 
liquid superficial velocities (VL) in a monolith reactor column. Conditions: nitrogen–water 
system, cocurrent upward flow, atmospheric pressure. 
 
Figure 7.2 shows the photographs of different lengths of Taylor gas bubbles formed at 
various gas and liquid flow rates in nitrogen–water system in the monolith reactor. It was 
observed that axisymmetric bullet-shaped gas bubbles and liquid slugs without small 
dispersed gas bubbles moved consecutively through the monolith reactor column. Therefore, 
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it can be assumed that a Taylor flow regime was achieved. The shortest length of Taylor 
bubbles was gained at the lowest gas flow rate and the highest liquid flow rate (case 7) while 
the longest length of Taylor bubbles was gained at the highest gas flow rate and the lowest 
liquid flow rate (case 3). 
In Figure 7.3, the gas and liquid superficial velocities used in this study are presented 
with flow pattern maps reported in the literature [120, 123, 195]. It can be seen that all data 
points representing operating conditions exist in the region of Taylor flow regime. 
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Figure 7.3 Flow pattern maps for vertical upward flow in circular tubes [120, 123, 195]. 
 
In upward slug flow, a relationship between mean flow velocity (Um, Equation 7.4) and 
Taylor bubble rise velocity (UTB) through a flowing liquid in a vertical tube was first 
presented by Nicklin et al. [196] and has been widely investigated by other researchers [105, 
117, 119, 122, 143, 197, 198]. The relationship has the form of Equation 7.3. The Taylor 
bubble rise velocity is highly dependent on the flow rates of liquid and gas, the gravitational 
acceleration, the tube diameter, the inclination of tube and the fluid properties.  It is expected 
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that the dependence of bubble rise velocity on the fluid properties such as density, viscosity 
and surface tension becomes smaller in sufficiently large diameter tubes [197]. 
tmTB gDCUCU 10                                      Equation 7.3 
where C0 and C1 are constants, and Um is the mean flow velocity defined as the following.  
LGm VVU                                              Equation 7.4 
In Equation 7.3, the second term on the right hand side, called the drift velocity, 
represents the rise velocity of a gas bubble in stagnant liquid [117, 197, 199]. C0 is known as a 
function of several dimensionless numbers such as Reynolds, Weber, Eötvös, and Froude 
numbers. The relationship obtained in this study can be seen in Figure 7.4 and is given by 
Equation 7.5. Indeed, Taylor bubbles rise with a higher velocity than the mean flow velocity. 
It can be also said that both the bubble rise velocity and the liquid slug rise velocity increase 
when one of gas or liquid superficial velocity increases.  
036.029.1  mTB UU                                     Equation 7.5 
0.00 0.05 0.10 0.15 0.20 0.25
0.00
0.05
0.10
0.15
0.20
0.25
0.30
0.35
y = 1.25x + 0.028
R2 = 0.99
Taylor bubble rise velocity (UTB)
Liquid slug rise velocity (ULS)
 Linear regression for UTB
U
TB
 o
r U
LS
 [m
 s
-1
]
Um [m s
-1]
y = 1.29x + 0.036
R2 = 0.99
 
Figure 7.4 Taylor bubble rise velocity (UTB) and liquid slug rise velocity (ULS) vs. mean flow 
velocity (Um) in a monolith reactor column. 
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The Equation 7.5 gives C0 = 1.29 and C1 = 0.13. A positive value was obtained for C1 
due to buoyancy forces acting on the Taylor bubbles in the same direction of flow (cocurrent 
upward flow). Those values gained here are similar to C0 = 1.29 and C1 = 0.35 proposed by 
Fernandes et al. [119] for a 5.1 cm diameter tube although the value of C1 is slightly smaller.  
The values of C0 and C1 proposed by other researchers for upward Taylor flow in 
vertical tubes are listed in Table 7.2. In the results reported by Collins et al. [197], it is notable 
that the value of C0 for laminar flow is slightly bigger than that of C0 for turbulent flow 
because the gas bubbles rise faster in laminar than in turbulent flow. This phenomenon was 
confirmed in the experimental results by Nicklin and co-workers [196]. 
 
Table 7.2 Summary of studies of Taylor flow in vertical tubes. 
reference conditions flow regime Co C1 
Nicklin et al. [196] a large bubble, Dt = 25.4 mm turbulent 1.2 0.35 
laminar 2.27 0.36 
Collins et al. [197] 
numerical method 
for a large gas 
bubble turbulent 1.2 < Co < 1.4 0.35 
Fernandes et al. [119] a train of gas bubbles, Dt = 51 mm 
turbulent 1.29 0.35 
Laborie et al. [122] 
a train of gas 
bubbles, 1 mm < Dt 
< 4 mm  
laminar 0.82 < Co < 1.56 < 0.2 
this study a train of gas bubbles, Dt = 8 mm 
turbulent 1.29 0.13 
 
Bendiksen derived an analytical solution for C0 and C1 under inertia-controlled regime 
by assuming an inviscid fluid [198, 199]. The condition is satisfied when the tube diameter is 
greater than , i.e. a gas bubble rising through water in a vertical tube with 
diameter greater than 2.5 mm. Therefore, it is expected that the inviscid fluid assumption may 
be applied to most of the practical situations of Taylor flow. The system used in this study also 
3/1122 )(50  gLL 
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satisfies the criterion. For C0, Equation 7.6 was given for laminar flow and Equation 7.7 was 
given for turbulent flow.  Equation 7.8 was given for C1. 

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In this study’s conditions, Equation 7.6 and Equation 7.7 give C0 = 1.74 and C0 = 1.29, 
respectively. The Equation 7.7 gives better agreement with the value of C0 determined by the 
regression in Figure 7.4, because operating conditions listed in Table 7.1 are close to or in 
turbulent flow regime. In addition, Equation 7.8 gives C1 = 0.17 which is similar to 0.13 
gained in Figure 7.4. It can be said that a relatively smaller value of C1 was obtained due to 
the relatively small diameter of tube used in this study while 0.35 has been reported for C1 in 
the large diameter tubes (Table 7.2). Similar small values of C1 can be seen in the graphs of 
gas bubble velocity against mean flow velocity reported by Laborie et al. [122] for capillary 
tubes. In Figure 7.4, it can be seen that there is also a linear relationship between mean flow 
velocity and liquid slug rise velocity. 
It is also known that the gas and liquid superficial velocities are closely related with the 
gas holdup (εG) which is defined as Equation 7.9 [123]. In Figure 7.5a, the gas holdup 
increased with an increase in gas superficial velocity and a decrease in liquid superficial 
velocity. Accordingly, the gas holdup, in turn, had a linear relationship with gas injection ratio 
as shown in Figure 7.5b. 
TB
G
G U
V                                                Equation 7.9 
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Figure 7.5 Gas holdup (εG) with respect to (a) gas superficial velocity (VG) and (b) gas 
injection ratio (ε).  
 
In Figure 7.6a, the Taylor bubble length increases linearly with the gas superficial 
velocity at a fixed liquid superficial velocity. The slope of regression lines increases with a 
decrease of liquid superficial velocity [122]. In Figure 7.6b, at a fixed gas superficial velocity, 
on the other hand, the Taylor bubble length decreases with an increase in the liquid superficial 
velocity. These trends mean that the Taylor bubble length is directly proportional to the gas 
proportion.  
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Figure 7.6 (a) Taylor bubble length (LTB) vs. gas superficial velocity (VG) at liquid superficial 
velocities (VL), and (b) Taylor bubble length (LTB) vs. liquid superficial velocity (VL) at gas 
superficial velocities (VG) in a monolith reactor column. 
 
The liquid slug length is also known to be a function of the gas and liquid superficial 
velocities in a vertical tube with a small diameter [122]. In this study, it shows a somewhat 
interesting trend according to the gas and liquid flow rates as can be seen in Figure 7.7. The 
liquid slug length increases with the liquid superficial velocity at relatively low gas superficial 
velocities (VG = 0.0355 and 0.071 m s-1). However, at a high gas superficial velocity (VG = 
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0.142 m s-1), the liquid slug length decreases with the liquid superficial velocity after a peak 
has been reached. These trends mean that the tendency of the liquid slug length to the liquid 
superficial velocity can be varied in terms of the ratio of gas and liquid flow rates in the 
monolith reactor column.  
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Figure 7.7 Liquid slug length (LLS) vs. liquid superficial velocity (VL) at gas superficial 
velocities (VG) in a monolith reactor column. 
 
Laborie and co-workers [122] proposed some empirical correlations for the Taylor 
bubble length and the liquid slug length in capillaries in terms of Reynolds and Eötvös 
number. However, such correlations as Equation 2.2 and Equation 2.3 were not found in this 
study. This might be due to a small number of data set.  
Figure 7.8 shows the histograms of the Taylor bubble length and the bubble rise 
velocity at the lowest and highest gas superficial velocities when the liquid superficial 
velocity was maintained at 0.044 m s-1. The histograms show a relatively higher spread of 
data from the mean Taylor bubble length and the mean bubble rise velocity when the gas 
superficial velocity is higher. This result is most likely due to the increase in the level of flow 
turbulence as the gas superficial velocity increases. 
 Chapter 7. Propene Epoxidation in a Monolith Reactor at Atmospheric Pressure 
 173
 
0.00 0.01 0.02 0.03 0.04 0.05
0
5
10
15
20
25
30
C
ou
nt
LTB [m]
(a)
Mean = 0.0087
Std. Dev. = 0.0061
0.09 0.10 0.11 0.12 0.13 0.14 0.15 0.16 0.17
0
5
10
15
20
25
30
Mean = 0.136
Std. Dev. = 0.012
(b)
C
ou
nt
UTB [m s
-1]  
0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16
0
5
10
15
20
25
30
35
C
ou
nt
LTB [m]
(c)
Mean = 0.0393
Std. Dev. = 0.024
0.1 0.2 0.3 0.4 0.5 0.6
0
5
10
15
20
25
30
35
C
ou
nt
UTB [m s
-1]
(d)
Mean = 0.273
Std. Dev. = 0.057
 
Figure 7.8 Histograms of Taylor bubble length (LTB) and bubble rise velocity (UTB) in a 
monolith reactor column: (a) and (b) at VG = 0.0355 m s-1, VL = 0.044 m s-1, (c) and (d) at VG 
= 0.142 m s-1, VL = 0.044 m s-1. 
 
The number of Taylor bubbles was counted over a time period of 25 s in the infra-red 
detector output and plotted against mean flow velocity and gas injection ratio in Figure 7.9. 
The Taylor bubble frequency shows an increasing trend with respect to mean flow velocity 
while it is a decreasing function of gas injection ratio. Similarly, Laborie et al. [122] reported 
that Taylor bubble frequency is a linear function of Reynolds number based on mean flow 
velocity.  
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Figure 7.9 Influence of (a) mean flow velocity (Um) and (b) gas injection ratio (ε) on the 
frequency of Taylor bubbles in a monolith reactor column. 
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7.4 Performance of Propene Epoxidation in a Monolith 
Reactor 
First, the performance of a batch of TS-1 catalyst which was used for the experiments 
of monolith reactor was investigated at normal operating conditions in the autoclave reactor. 
As shown in Figure 7.10, after 5 h, 97% of hydrogen peroxide was consumed. The selectivity 
to propene oxide gradually decreased with time to 86% after 5 h. 
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Figure 7.10 Propene epoxidation in an autoclave reactor at normal operating conditions. 
Reaction conditions: 40 °C, 7 bar (10% C3H6/N2), 0.35 wt% H2O2, 50 wt% CH3OH, 0.28 g of 
TS-1, 1000 rpm stirring. 
 
Prior to the propene epoxidation experiments in the monolith reactor, the hydrogen 
peroxide decomposition in the reactor system was examined since hydrogen peroxide can be 
decomposed more seriously in the continuous reactor than the autoclave reactor. The 
decomposition of hydrogen peroxide was observed to be 23.5% after 5 h at normal operating 
conditions depicted as case 5 in Table 7.1 (Figure F.15 in Appendix F). The background 
decomposition of hydrogen peroxide observed in the old reactor system described in Section 
3.2.2.1 was higher than in the new reactor system described in Section 3.2.2.2 (9.5% after 5 h 
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in Figure F.22 in Appendix F) even though inert PFA materials were used in the old reactor 
system. This might be because a trace of precious metals used by the previous worker was left 
on the pipelines. However, it was assumed that the impact of the trace metals left was 
negligible as a sufficient amount of hydrogen peroxide was used in the experiments. 
The reproducibility of experiments in the monolith reactor of the old reactor system 
was tested at normal operating conditions, indicated as case 5 in Table 7.1, for 5 h and was 
found to be adequately reliable (Figure F.16 in Appendix F). The experimental error was 
within ±3%. 
As shown in Figure 7.11, there was a slight increase of propene oxide concentration 
with an increase of TS-1 catalyst loading. This result was somewhat different from that of 
CTF reactor which showed a negligible difference for propene oxide production with respect 
to the variation of TS-1 catalyst amount. The effect of catalyst loading in the CTF reactor is 
shown in Figure 8.8 in Section 8.4. These results demonstrate that 2.0 g m-1 of TS-1 catalyst 
was enough for the surface of rod with 4 mm OD in the CTF reactor but not enough for the 
inner surface of monolith reactor with 8 mm ID because the surface area for catalyst 
immobilisation in the monolith reactor became fourfold. For a fair comparison of the different 
types of reactor, 2.0 g m-1 of TS-1 coating was selected for further experiments in the 
monolith and CTF reactor. 
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Figure 7.11 Effect of catalyst loading on propene oxide production in a monolith reactor. 
Reaction conditions: 40 °C, atmospheric pressure, 1.0–2.0 g of TS-1 coating, cocurrent 
upward & semi-batch operation, VG = 0.071 m s-1 (10% C3H6/N2), VL = 0.044 m s-1 (H2O2 
0.35 wt%, CH3OH 50 wt%, H2O 49.65 wt%). 
 
Figure 7.12a shows the influence of gas and liquid superficial velocities on the propene 
production rate (Figure F.17 in Appendix F). The production rate of propene oxide was found 
to decrease roughly with mean flow velocity as can be seen from Figure 7.12b. The selectivity 
to propene oxide in the monolith reactor was maintained greater than 98%, regardless of 
liquid and gas flow rates (Figure F.18 in Appendix F).  
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Figure 7.12 Influence of (a) gas superficial velocity (VG) and liquid superficial velocity (VL) 
and (b) mean flow velocity (Um) on propene oxide production in a monolith reactor. Reaction 
conditions: 40 °C, atmospheric pressure, 1.0 g of TS-1 coating, cocurrent upward & semi-
batch operation, VG = 0.0355–0.142 m s-1 (10% C3H6/N2), VL = 0.022–0.088 m s-1 (H2O2 0.35 
wt%, CH3OH 50 wt%, H2O 49.65 wt%). 
 
The effect of Taylor bubble length and the bubble rise velocity on the performance of 
propene epoxidation in the monolith reactor has a very complicated relationship with active 
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surface area of bubbles for the mass transfer and residence time for the multiphase reaction, 
respectively. In principle, the reaction rate is expected to be higher when Taylor bubble length 
is shorter and bubble rise velocity is lower, resulting in larger mass-transfer surface area and 
longer residence time. Moreover, the mass transfer through the liquid film around Taylor 
bubbles is expected to increase with decreasing bubble rise velocity because the mass-transfer 
coefficient is disproportional to the film thickness (Equation 2.12) and, in turn, the film 
thickness is proportional to Capillary number and Taylor bubble rise velocity (Equation 2.6 
and Table 2.2). When the liquid superficial velocity was constant, the propene oxide 
concentration produced decreased with an increase in the gas superficial velocity as the Taylor 
bubble length and bubble rise velocity increased simultaneously (Figure 7.13a), and thus the 
active surface area, the residence time and the mass transfer through the liquid film were all 
decreased. However, when the gas superficial velocity was constant, it was expected that there 
was no linear dependency of propene oxide production rate on the liquid superficial velocity 
because the Taylor bubble length decreased but the bubble rise velocity increased. 
Nevertheless, as can be seen in Figure 7.12a and 7.13b, the production rate of propene rate 
increased with increasing liquid superficial velocity and decreased almost linearly with the 
Taylor bubble length, indicating that the mass-transfer surface area had a more significant 
impact than the residence time on the performance of the monolith reactor. However, the 
change of propene oxide production became less dependent on the length of Taylor bubble at 
a higher gas superficial velocity (VG = 0.142 m s-1). 
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Figure 7.13 Influence of Taylor bubble length (LTB) on propene oxide production according 
to gas and liquid superficial velocities in a monolith reactor. 
 
7.5 Concluding Remarks 
The hydrodynamic parameters such as Taylor bubble length, bubble rise velocity, liquid 
slug length and slug rise velocity according to the variation of gas and liquid superficial 
velocities were investigated under Taylor flow regime in a monolith reactor at atmospheric 
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pressure. A linear relation between mean flow velocity and Taylor bubble rise velocity was 
found to give the values of constants for the mean flow velocity and the drift velocity. The 
Taylor bubble length increased linearly with the gas superficial velocity at a fixed liquid 
superficial velocity, whereas it decreased with the increase of the liquid superficial velocity at 
a fixed gas superficial velocity. The high spread of hydrodynamic data was attributed to the 
increase of flow turbulence level determined by operating conditions. 
The monolith reactor basically showed stable performances with high productivity and 
selectivity to propene oxide under mild conditions (40 °C and 1 atm). However, the variation 
of hydrodynamics had a significant impact on the production of propene oxide. At a constant 
liquid superficial velocity, the propene oxide production rate decreased with increasing gas 
superficial velocity as the Taylor bubble length and bubble rise velocity increased 
simultaneously and thus the active surface area, the residence time and the mass transfer 
through the liquid film were all decreased. At a constant gas superficial velocity, the propene 
oxide production rate decreased nearly linearly with increasing Taylor bubble length, which 
demonstrates that the mass-transfer surface area had a more significant impact than the 
residence time on the performance of the monolith reactor. Regardless of operating conditions, 
high selectivities to propene oxide (> 98%) were achieved in the monolith reactor.  
In Chapter 8, the results obtained in the CTF reactor at atmospheric pressure are 
presented and discussed, followed by the comparison of the monolith and CTF reactor for the 
propene epoxidation. 
 
 
 
 
 
 
 
 8 PROPENE EPOXIDATION IN A CONFINED 
TAYLOR FLOW (CTF) REACTOR AT 
ATMOSPHERIC PRESSURE 
This chapter describes the heterogeneous catalytic epoxidation of propene to propene 
oxide under Taylor flow regime in a confined Taylor flow (CTF) reactor at atmospheric 
pressure. The effect of gas and liquid superficial velocities on the hydrodynamics of CTF 
reactor is presented. The influence of the hydrodynamics of CTF reactor on the performance 
of propene epoxidation follows. This chapter provides a comparison of the results of propene 
epoxidation obtained from the two different reactors, monolith and CTF reactor. A description 
of simulation study of the CTF reactor column is also contained. 
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8.1 Introduction 
One of the key objectives of this research was to evaluate a new continuous reactor 
concept for propene epoxidation and other liquid-phase selective oxidation reactions. Vaitsis 
et al. [105] suggested a novel design of monolith reactor, confined slug flow (CSF) reactor, in 
which a rod was attached to the inside wall of reactor column. In the present study, a confined 
Taylor flow (CTF) reactor was evaluated for the catalytic epoxidation of propene with 
hydrogen peroxide and TS-1 catalyst using a methanol/water mixture as the solvent. Although 
the structure of CTF reactor is fundamentally similar to that of CSF reactor, a rod coated with 
catalyst materials is positioned in the very centre of a vertical reactor column. Therefore, 
when compared with the CSF reactor, the contact area between rod surface and reactants in 
liquid and gas phase is extended. The hydrodynamic phenomena occurring in a concentric 
annulus, similar to the structure of reactor column employed in this study, were investigated 
by Das et al. [144, 200] and Kelessidis et al. [142, 143] but these previous studies have almost 
exclusively focused on relatively large diameters of tube and hence almost no research has 
been found for the hydrodynamics of gas and liquid flows in a concentric annulus at the 
capillary scale. In addition to the advantages of conventional monolith reactor, the rod 
separated from reactor column allows easier control of catalyst coating and profiling, and 
endows the possibility of temperature control. In particular, the feasibility of simple catalyst 
immobilisation is a main advantage of CTF reactor because finding an efficient and easy 
method to support catalyst materials evenly on the inside wall of monolith reactor has been a 
challenge in the application areas of monolith reactor. 
As mentioned in Section 7.1, most of the previous experiments of propene epoxidation 
have been conducted in autoclave reactors. Therefore, the aim of this work described in this 
chapter is to apply a new reactor concept, CTF reactor, to the propene epoxidation. For the 
CTF reactor application, TS-1 catalyst was immobilised on the surface of 4 mm diameter 
alumina rod. The effects of gas and liquid flow rates on the hydrodynamics of CTF reactor 
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were investigated under Taylor flow regime at atmospheric pressure. The CTF reactor 
basically showed stable, high productivity and selectivity to propene oxide under mild 
conditions, although the variation of hydrodynamics had a significant impact on the 
production of propene oxide. At the same liquid superficial velocity, the production of 
propene oxide decreased with an increase of gas superficial velocity as Taylor bubble length 
and bubble rise velocity increased. However, at the same gas superficial velocity, the 
production of propene oxide had no linear dependency on the liquid superficial velocity as 
Taylor bubble length decreased but bubble rise velocity increased. 
A simulation study was conducted to show the development of Taylor flow in CTF 
reactor, but could not be extended more because of the complexity of fluid field calculation 
and its excessive computational time. 
 
8.2 Experimental 
TS-1 catalyst was prepared according to the procedures described in Section 4.1.1. 
Then, the TS-1 catalyst was immobilised on the surface of alumina rod with 4 mm diameter 
and 500 mm length using silica nanoparticles as an additive as described in Section 4.3. The 
coating layer was found to be sufficiently stable to endure the operating conditions of CTF 
reactor under Taylor flow regime. Less than 2.35 wt% of original weight of TS-1 catalyst 
coating was lost at normal operating conditions, indicated as case 5 in Table 7.1, for 5 h. The 
performance of propene epoxidation at various operating conditions of CTF reactor was 
investigated following the experimental procedures presented in Section 3.2.2.1. Photographs 
of Taylor gas bubbles and liquid slugs formed in the CTF reactor were taken using an 
Olympus high speed camera (i-SPEED 3). 
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8.3 Hydrodynamics in a CTF Reactor at Atmospheric 
Pressure 
According to the criteria suggested by previous investigators [125, 192-194] which are 
mentioned in Section 7.3, the CTF reactor column with a hydraulic diameter of 4 mm used in 
this study can be certainly regarded as a “small” diameter tube because it gives an Eötvös 
number of 2.2, indicating that surface tension forces dominate gravitational forces. 
The same nine cases shown in Table 7.1 were selected with a variation in gas and liquid 
superficial velocities for operating conditions for the test of CTF reactor performance for 
propene epoxidation. The flow rates of liquid and gas in the CTF reactor was 75% of those in 
the monolith reactor because the cross-sectional flow area of the monolith reactor column is 
50.3 mm2 and that of the CTF reactor column is 37.7 mm2. A stable Taylor flow was observed 
over the gas injection ratios ranged between 0.29 and 0.87 in the capillary annulus. The 
capillary number (Ca) for the system used in this study ranges from 2.2 × 10-3 to 5.4 × 10-3. 
All hydrodynamic data were collected and analysed at these conditions. 
Figure 8.1 shows the photographs of different lengths of Taylor gas bubbles formed at 
various gas and liquid flow rates in nitrogen–water system in the CTF reactor column. Even 
when the length of Taylor bubbles was short, asymmetric gas bubbles wrapping around the 
central rod were clearly observed. Moreover, almost no small dispersed gas bubbles were 
observed in the liquid slug. As the length of gas bubble increased, the gas bubbles had more 
apparent spherical/elliptical nose shapes. The shape of Taylor bubble nose and other flow 
characteristics are attributed to the surface tension and viscous force as well as the velocity 
profile in the column because these forces become more important at a capillary scale. The 
shortest length of Taylor bubbles was gained at the lowest gas flow rate and the highest liquid 
flow rate (case 7) while the longest length of Taylor bubbles was gained at the highest gas 
flow rate and the lowest liquid flow rate (case 3). 
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Figure 8.1 Photographs of Taylor gas bubbles at various gas (VG) and liquid superficial 
velocities (VL) in a CTF reactor column. Conditions: nitrogen–water system, cocurrent 
upward flow, atmospheric pressure. 
 
The linear relationship between mean flow velocity (Um) and Taylor bubble rise 
velocity (UTB), described as Equation 7.3, also can be seen in Figure 8.2 
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Figure 8.2 Taylor bubble rise velocity (UTB) and liquid slug rise velocity (ULS) vs. mean flow 
velocity (Um) in a CTF reactor column. 
 
From the data in Figure 8.2, Equation 8.1 is given by regression. This equation gives C0 
= 1.29 and C1 = 0.42 when the hydraulic diameter of annulus is used instead of tube diameter 
in Equation 7.3. These values gained at a capillary annulus are very similar to C0 = 1.29 and 
C1 = 0.35 for a 5.1 cm diameter tube proposed by Fernandes and colleagues [119]. An 
implication of this is the possibility that the relationship is applicable to the small diameter 
annulus under Taylor flow regime, regardless of the presence of a rod. There is also a linear 
relationship between mean flow velocity and liquid slug rise velocity in Figure 8.2. 
083.029.1  mTB UU                                      Equation 8.1 
In Figure 8.3, as in the monolith reactor column, the Taylor bubble length shows 
similar trends with respect to the gas and liquid superficial velocities. The Taylor bubble 
length increases linearly with the gas superficial velocity at a fixed liquid superficial velocity. 
As in the 8 mm diameter tube without insert, the slope of lines increases with a decrease of 
liquid superficial velocity. At a fixed gas superficial velocity, on the other hand, the Taylor 
bubble length decreases with an increase in the liquid superficial velocity (Figure 8.3b).  
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Figure 8.3 (a) Taylor bubble length (LTB) vs. gas superficial velocity (VG) at liquid superficial 
velocities (VL), and (b) Taylor bubble length (LTB) vs. liquid superficial velocity (VL) at gas 
superficial velocities (VG) in a CTF reactor column. 
 
In Figure 8.4, when compared with the monolith reactor, a different trend of liquid slug 
length with respect to the gas and liquid superficial velocities is observed. The liquid slug 
length decreases with the liquid superficial velocity at a low gas superficial velocity (VG = 
0.0355 m s-1). However, at a high gas superficial velocity (VG = 0.142 m s-1), the liquid slug 
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length increases slightly with the liquid superficial velocity. At a moderate gas superficial 
velocity (VG = 0.071 m s-1), the liquid slug length starts to increase after a minimum. These 
trends confirm that the tendency of the liquid slug length to the liquid superficial velocity can 
be varied with the ratio of gas and liquid flow rates in the CTF reactor. 
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Figure 8.4 Liquid slug length (LLS) vs. liquid superficial velocity (VL) at gas superficial 
velocities (VG) in a CTF reactor column. 
 
Figure 8.5 shows the histograms of the Taylor bubble length and the bubble rise 
velocity at the lowest and highest gas superficial velocities at VL = 0.044 m s-1. Due to the 
increase in the level of turbulence of flow at a higher gas superficial velocity, Figure 8.5 
shows a relatively higher spread of data from the mean Taylor bubble length or the mean 
bubble rise velocity as the gas superficial velocity increases.  
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Figure 8.5 Histograms of Taylor bubble length (LTB) and bubble rise velocity (UTB) in a CTF 
reactor column: (a) and (b) at VG = 0.0355 m s-1, VL = 0.044 m s-1, (c) and (d) at VG = 0.142 m 
s-1, VL = 0.044 m s-1. 
 
The number of Taylor bubbles was counted over a time period of 25 s in the infra-red 
detector output and plotted against mean flow velocity and gas injection ratio in Figure 8.6. 
The Taylor bubble frequency shows a weak increasing trend with respect to mean flow 
velocity while it is a clear decreasing function of gas injection ratio. 
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Figure 8.6 Influence of (a) mean flow velocity (Um) and (b) gas injection ratio (ε) on the 
frequency of Taylor bubbles in a CTF reactor column. 
 
8.4 Performance of Propene Epoxidation in a CTF Reactor 
A batch of TS-1 catalyst with the same performance at normal operating conditions as 
shown in Figure 7.10 was used for the experiments of CTF reactor. 
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Prior to the propene epoxidation experiments in the CTF reactor, alumina pellets coated 
with TS-1 was tested at normal operating conditions in the autoclave reactor. 10 alumina 
pellets coated with 0.75 g of TS-1 and silica nanoparticles were prepared using the method 
described in Section 4.3. Each pellet has 4 mm diameter and 7 mm length. A polypropylene 
bag containing catalyst pellets was fixed on the dip tube to prevent the pellets being touched 
by the stirrer impeller during experiment. In Figure 8.7, the concentration of propene oxide 
was considerably lower when TS-1 catalyst pellets were used than when fine TS-1 particles 
were used even though a larger amount of TS-1 was applied in the former case because a 
portion of catalyst particles were immobilised on the surface of alumina pellets. 
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Figure 8.7 Propene epoxidation over mobilised and immobilised TS-1 catalysts in an 
autoclave reactor. Reaction conditions for mobilised TS-1: 40 °C, 7 bar (10% C3H6/N2), 0.68 
g of H2O2, 35 g of CH3OH, 34.32 g of H2O, 0.28 g of TS-1 powder, 1000 rpm stirring. 
Reaction conditions for immobilised TS-1: 40 °C, 8 bar (10% C3H6/N2), 1.36 g of H2O2, 70 g 
of CH3OH, 68.64 g of H2O, 10 catalyst pellets (0.75 g of TS-1 and silica), 1000 rpm stirring. 
 
The rest of experiments were carried out using 500 mm long catalyst coated alumina 
rods. In Figure 8.8, the variation of TS-1 catalyst amount on the surface of rod shows a 
negligible difference of propene oxide production. This demonstrates that only the TS-1 
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existing in a shallow layer of catalyst deposited on the rod surface was active for the propene 
epoxidation. In other words, there was a mass-transfer limitation through the catalyst coating 
layer. 2.0 g m-1 of TS-1 coating was selected for further experiments to provide a proper 
thickness and an even distribution of catalyst materials on the whole surface of alumina rod.  
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Figure 8.8 Effect of catalyst loading on propene oxide production in a CTF reactor. Reaction 
conditions: 40 °C, atmospheric pressure, 0.5–1.5 g of TS-1 coating, cocurrent upward & semi-
batch operation, VG = 0.071 m s-1 (10% C3H6/N2), VL = 0.044 m s-1 (H2O2 0.35 wt%, CH3OH 
50 wt%, H2O 49.65 wt%). 
 
Figure 8.9 shows the effect of propene concentration change in the feed on propene 
oxide production. As expected, the production rate of propene oxide was directly proportional 
to the feed concentration of propene. 10% propene was chosen as the feed concentration for 
further experiments. The selectivity to propene oxide was maintained over 95% even when 
the propene feed concentration was varied (Figure F.19 in Appendix 18). 
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Figure 8.9 Effect of propene feed concentration on propene oxide production in a CTF reactor. 
Reaction conditions: 40 °C, atmospheric pressure, 1.0 g of TS-1 coating, cocurrent upward & 
semi-batch operation, VG = 0.071 m s-1 (10–30% C3H6/N2), VL = 0.044 m s-1 (H2O2 0.35 wt%, 
CH3OH 50 wt%, H2O 49.65 wt%). 
 
In Figure 8.10a, the influence of gas and liquid superficial velocities on the propene 
production rate is shown (Figure F.20 in Appendix F). Basically, the production rate of 
propene oxide was found to decrease with mean flow velocity as can be seen in Figure 8.10b. 
Regardless of operating conditions, high selectivities to propene oxide (> 93%) were achieved 
in the CTF reactor (Figure F.21 in Appendix F).  
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Figure 8.10 Influence of (a) gas superficial velocity (VG) and liquid superficial velocity (VL) 
and (b) mean flow velocity (Um) on propene oxide production in a CTF reactor. Reaction 
conditions: 40 °C, atmospheric pressure, 1.0 g of TS-1 coating, cocurrent upward & semi-
batch operation, VG = 0.0355–0.142  m s-1 (10% C3H6/N2), VL = 0.022–0.088 m s-1 (H2O2 0.35 
wt%, CH3OH 50 wt%, H2O 49.65 wt%). 
 
Figure 8.11 shows the influence of the Taylor bubble length on the propene oxide 
production. When the liquid superficial velocity was constant, the propene oxide 
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concentration produced decreased with an increase in the gas superficial velocity as the Taylor 
bubble length and bubble rise velocity simultaneously increased (Figure 8.11a).  
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Figure 8.11 Influence of Taylor bubble length (LTB) on propene oxide production according to 
gas and liquid superficial velocities in a CTF reactor. 
 
As in the monolith reactor, the increase of Taylor bubble length and bubble rise velocity 
led to the decrease of active surface area of gas bubbles, residence time and mass transfer 
through the liquid film around gas bubbles. However, when the gas superficial velocity was 
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constant, the propene oxide concentration produced had no linear dependency on the liquid 
superficial velocity as the Taylor bubble length decreased but the bubble rise velocity 
increased (Figure 8.11b).  
 
8.5 Comparison of a Monolith and a CTF Reactor for 
Propene Epoxidation 
The hydrodynamic data obtained in the monolith and CTF reactor are summarised in 
Table 8.1 (see Table 7.1 for the operating conditions defined as nine cases). In both reactor 
columns, the shortest length of Taylor bubbles was obtained at the lowest gas superficial 
velocity and the highest liquid superficial velocity (case 7) while the longest length of Taylor 
bubbles was obtained at the highest gas superficial velocity and the lowest liquid superficial 
velocity (case 3).  
 
Table 8.1 Hydrodynamic data of a monolith and a CTF reactor at atmospheric pressure. 
monolith reactor CTF reactor 
case LTB 
[cm] 
UTB 
[cm s-1] 
LLS 
[cm] 
ULS 
[cm s-1] 
LTB 
[cm] 
UTB 
[cm s-1] 
LLS 
[cm] 
ULS 
[cm s-1] 
1 1.10 10.9 2.09 9.90 3.72 16.0 10.2 18.1 
2 2.18 15.3 1.73 14.4 6.22 21.9 12.3 30.8 
3 4.97 23.0 2.79 22.9 14.0 28.8 9.12 30.0 
4 0.87 13.6 2.88 12.6 2.41 18.3 7.92 21.1 
5 1.68 20.0 1.85 17.6 4.81 22.4 9.17 28.2 
6 3.93 27.3 3.16 27.4 9.38 32.3 10.0 43.2 
7 0.56 19.9 3.46 17.7 1.34 25.3 5.68 26.7 
8 1.28 24.5 2.78 21.9 3.49 27.8 9.92 36.1 
9 2.82 33.9 2.24 30.9 7.08 38.9 10.7 52.1 
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Similar flow patterns were observed in the monolith and CTF rector. Under Taylor flow 
regime, however, the Taylor gas bubbles formed in the CTF reactor are radially asymmetric 
and hence do not occupy the whole cross-sectional area of the annulus, while the Taylor gas 
bubbles formed in the monolith reactor are symmetric to occupy almost the whole cross-
section of the tube except a thin liquid film between gas bubbles and the tube wall. As a result, 
the Taylor bubbles rose faster in the CTF reactor when the same liquid and gas superficial 
velocities were employed as can be seen in Figure 8.12. Equation 7.3 could be used to express 
the linear relationships shown in Figure 8.12 for both monolith and CTF reactor.  
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Figure 8.12 Comparison of Taylor bubble rise velocity (UTB) in a monolith and a CTF reactor 
column. 
 
Similar to the Taylor bubble rise velocity, the length of Taylor bubble became longer in 
the CTF reactor as can be seen Figure 8.13. In both reactor columns, the Taylor bubble length 
increased with increasing gas superficial velocity at a fixed liquid superficial velocity (Figure 
8.13a) and decreased with increasing liquid superficial velocity at a fixed gas superficial 
velocity (Figure 8.13b). 
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Figure 8.13 Comparison of Taylor bubble length (LTB) at various gas (VG) and liquid 
superficial velocities (VL) in a monolith and a CTF reactor column. 
 
In the monolith and CTF reactor, the liquid slug length showed a completely opposite 
trend with respect to gas and liquid superficial velocities as can be seen in Figure 8.14. At a 
low gas superficial velocity (VG = 0.0355 m s-1), the liquid slug length increased with 
increasing liquid superficial velocity in the monolith reactor column, while it decreased with 
increasing liquid superficial velocity in the CTF reactor column. On the other hand, at a high 
gas superficial velocity (VG = 0.142 m s-1), the liquid slug length decreased with increasing 
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liquid superficial velocity in the monolith reactor column, while it increased with increasing 
liquid superficial velocity in the CTF reactor column. 
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Figure 8.14 Comparison of liquid slug length (LLS) at various gas (VG) and liquid superficial 
velocities (VL) in a monolith and a CTF reactor column. 
 
In both reactors, a higher spread of hydrodynamic data was observed when the level of 
flow turbulence determined by operating conditions was higher. Also, the same trend of 
Taylor bubble frequency was observed to increase with mean flow velocity and decrease with 
gas injection ratio. However, the frequency of Taylor bubbles with respect to mean flow 
velocity or gas injection ratio was lower in the CTF reactor column due to the increased 
length of Taylor bubbles in the CTF reactor column as can be seen in Figure 8.15. 
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Figure 8.15 Comparison of the frequency of Taylor bubbles with respect to (a) mean flow 
velocity (Um) and (b) gas injection ratio (ε) in a monolith and a CTF reactor column. 
 
 The propene oxide production rates in both reactors are compared with respect to 
Taylor bubble length in Figure 8.16. The concentration of propene oxide produced basically 
decreased with an increase in Taylor bubble length. When the liquid superficial velocity was 
constant, the propene oxide concentration decreased with increasing gas superficial velocity 
in both reactors because the Taylor bubble length and bubble rise velocity increased at the 
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same time. On the other hand, when the gas superficial velocity was constant, the propene 
oxide concentration increased linearly with increasing liquid superficial velocity or decreasing 
Taylor bubble length in the monolith reactor while it did not show a linear relationship with 
the liquid superficial velocity or Taylor bubble length in the CTF reactor. Therefore, it can be 
said that mass-transfer surface area dominated the performance of the monolith reactor but 
mass-transfer surface area and residence time competed to dominate the performance of the 
CTF reactor in the range of flow rates adopted in this study. 
In Figure 8.16, it also can be seen that the production rate of propene oxide was higher 
in the monolith reactor than the CTF reactor. This can be explained by three factors. Firstly, 
the catalyst coating area of the monolith reactor was four times larger than that of the CTF 
reactor because a 8 mm ID tube was used for the monolith reactor but a 4 mm OD rod was 
used for the CTF reactor. Secondly, the length of Taylor bubbles was smaller in the monolith 
reactor, which led to the increase of mass-transfer surface area of gas bubbles. Thirdly, the 
liquid flow in the monolith reactor was recycled to the feed tank in a shorter time due to a 
higher liquid flow rate used in the monolith reactor. 
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Figure 8.16 Comparison of influence of Taylor bubble length (LTB) on propene oxide 
production in a monolith and a CTF reactor. 
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8.6 Simulation of Taylor Flow in a CTF Reactor 
As reviewed in Section 2.5.4, a considerable amount of literature has been published on 
the modelling and simulation studies into the hydrodynamics of Taylor flow in capillaries. So 
far, however, there has been no research of investigating the hydrodynamics of two-phase 
Taylor flow in an annulus using computational fluid dynamics (CFD). Therefore, in the 
present study, a CFD simulation was conducted using a commercial CFD code, FLUENT, to 
investigate the hydrodynamics of CTF reactor. A full three-dimensional coordinates system 
should be employed because a Taylor flow bubble has an asymmetric geometry. The volume 
of fluid (VOF) method in multiphase models was used to realise a sharp interface between gas 
and liquid phase. Surface tension force and wall adhesion force were also included in the 
calculations because such forces become important in the small diameter tube. All boundary 
conditions and detailed models selected to improve the accuracy and convergence of 
calculation in FLUENT are as follows. 
 
 Solver: pressure based, 3d, velocity formulation (absolute), gradient option (green-gauss 
cell based), formulation (implicit), transient controls (no non-iterative time advancement), 
unsteady formulation (1st-order implicit), double precision 
 Multiphase: VOF (explicit), courant Number (0.25), implicit body force 
 Viscous: k-omega (SST) 
 Materials: air, water 
 Phase interaction: air (secondary), water (primary), wall adhesion + surface tension 
(0.0735 N m-1) 
 Operating conditions: gravity (-9.8 m s-1), specified operating density (1.225 kg m-3) 
 Boundary conditions: velocity inlet (Vair = 0.018 m s-1, Vwater = 0.009 m s-1), pressure-
outlet, wall contact angle (0 deg) 
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 Solution controls: pressure (PRESTO!), momentum (second order upwind), volume 
fraction (geo-reconstruct), pressure-velocity coupling (PISO, 1, 1, skewness–neighbour 
coupling) 
 Time step size: 0.00005 s, max iterations per time step 10 
 
The geometry of CTF reactor used in the simulation is displayed in Figure 8.17. The 
computational domain was meshed with structured hexahedral elements, the number of which 
was around 440,000.  
 
 
Figure 8.17 Geometry and dimensions of CTF reactor used in a CFD simulation. 
 
The contours plot of volume fraction in Figure 8.18 shows the Taylor flow development 
at different time steps in the CTF reactor. The reactor was initially filled with water and air 
was introduced at time zero. It can be seen that gas bubbles are continuously formed near the 
entrance of reactor and move upward. Some gas bubbles coalesce into a larger bubble as 
indicated in a circle at 0.69 s and asymmetric bubbles oscillate between the walls of rod and 
column as shown at 0.99 s. These are typical phenomena observed in the real CTF reactor, 
thus it is confirmed that it is possible to simulate the formation of bubbles in a Taylor flow 
regime using FLUENT. However, there is still a major problem in this work: computational 
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time. This kind of multiphase CFD calculation is considerably time consuming as the 
calculation of multiphase fluid field is considerably complicated. Therefore, a breakthrough 
has to be found to decrease its computational time dramatically in order to cover various cases 
for the hydrodynamics of Taylor flow. 
 
 
(a) t = 0.21 s 
 
(b) t = 0.54 s 
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(c) t = 0.69 s 
 
(d) t = 0.99 s 
Figure 8.18 Taylor flow development with time in a CTF reactor (contours plot of volume 
fraction: red–water, blue–air). 
 
This CFD simulation was originally attempted to compare its results with the 
experimental results of propene epoxidation in the CTF reactor and investigate the influences 
of more various operating conditions on the performance of propene epoxidation by involving 
mass and heat transfer, fluid dynamics and chemical reactions. However, the inclusion of 
additional physical/chemical phenomena was not attempted as the complexity of fluid field 
calculation and hence its excessive computational time necessitate making various 
assumptions and simplifications which cannot be justified at this point. 
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8.7 Concluding Remarks 
In a CTF reactor under Taylor flow regime, the influence of gas and liquid superficial 
velocities was investigated in relation to the hydrodynamic parameters such as Taylor bubble 
length, bubble rise velocity, liquid slug length and slug rise velocity. A linear relationship 
between mean flow velocity and Taylor bubble rise velocity was found to give the values of 
constants for the mean flow velocity and the drift velocity. The Taylor bubble length increased 
linearly with the gas superficial velocity at a fixed liquid superficial velocity, whereas it 
decreased with the increase of the liquid superficial velocity at a fixed gas superficial velocity. 
The high spread of hydrodynamic data was attributed to the increase of flow turbulence level 
determined by operating conditions. 
The CTF reactor basically showed stable performances with high productivity and 
selectivity to propene oxide under mild conditions (40 °C and 1 atm). However, the variation 
of hydrodynamics had a significant impact on the production of propene oxide. When the 
liquid superficial velocity was constant, the propene oxide production rate decreased with 
increasing gas superficial velocity as the Taylor bubble length and bubble rise velocity 
increased simultaneously and thus the active surface area, the residence time and the mass 
transfer through the liquid film decreased. However, when the gas superficial velocity was 
constant, the propene oxide production rate had no linear dependency on the liquid superficial 
velocity as the Taylor bubble length decreased but the bubble rise velocity increased. The 
selectivity to propene oxide in the CTF reactor was maintained greater than 93%, regardless 
of liquid and gas flow rates. 
When compared the CTF reactor with the monolith reactor, several differences in the 
hydrodynamics and the performance of propene epoxidation were found. Due to their 
different bubble shapes, the Taylor bubbles rose faster in the CTF reactor when the same 
liquid and gas superficial velocities were employed. This led to the increase of Taylor bubble 
length, and, in turn, the decrease of frequency of Taylor bubbles in the CTF reactor. Also, the 
 Chapter 8. Propene Epoxidation in a CTF Reactor at Atmospheric Pressure 
 208
liquid slug length showed a completely opposite trend with respect to gas and liquid 
superficial velocities in the monolith and CTF reactor. 
In both reactors, when the liquid superficial velocity was constant, the propene oxide 
production decreased with increasing gas superficial velocity because the Taylor bubble and 
bubble rise velocity increased at the same time. On the other hand, when the gas superficial 
velocity was constant, the Taylor bubble length decreased but the bubble rise velocity 
increased. Nevertheless, the propene oxide production increased linearly with increasing 
liquid superficial velocity or decreasing Taylor bubble length in the monolith reactor while as 
expected there was no linear relationship between the propene oxide production and the liquid 
superficial velocity or Taylor bubble length in the CTF reactor. Therefore, it can be said that 
the performance of the monolith reactor was dominated by mass-transfer surface area. 
The performance of CTF reactor for the propene epoxidation was lower than that of 
monolith reactor because the Taylor bubble length and the recycle time for the liquid flow 
were smaller and the catalyst coating area was larger in the monolith reactor. 
The CFD simulation showed the Taylor flow development at different time steps in the 
CTF reactor, but it was not attempted to consider additional physical/chemical phenomena 
because of the complexity of fluid field calculation and hence its excessive computational 
time. 
In Chapter 9, the results obtained in a pressurised monolith/CTF reactor system are 
presented and discussed, followed by the propene epoxidation in reactor columns with various 
structures at atmospheric pressure. 
 
 
 
 
 
 
 9 PROPENE EPOXIDATION IN A PRESSURISED 
REACTOR SYSTEM 
 
This chapter describes the influence of operating pressure on the propene oxide 
production in a pressurised monolith/CTF reactor system. In addition, the performances of 
various structures of reactor column for propene epoxidation which were tested at 
atmospheric pressure in the new system are compared. 
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9.1 Introduction 
In a gas–liquid two-phase system, an increase of operating pressure leads to an increase 
of the amount of gaseous compound dissolved in the liquid phase. Since the propene 
epoxidation reaction studied in this thesis occurs in the liquid phase between the dissolved 
propene and hydrogen peroxide, the operating pressure is one of important factors. Therefore, 
a new reactor system, described in Section 3.2.2.2, was built to investigate the influence of 
pressure on the performance of propene epoxidation in the monolith and CTF reactor. It was 
confirmed that the concentration of propene oxide produced increased in proportion to the 
operating pressure in both monolith and CTF reactor. The selectivity to propene oxide was 
hardly affected by the operating pressure, being remained considerably high. 
Additionally, reactor columns with various structures and cross-sectional areas were 
tested to compare for the propene epoxidation at atmospheric pressure in the new system. 
 
9.2 Experimental 
TS-1 catalyst was prepared according to the procedures described in Section 4.1.1. 
Then, the TS-1 catalyst was immobilised on the surface of alumina rod and on the inner 
surface of alumina tube using silica nanoparticles as described in Section 4.3. The 
performance of propene epoxidation at various operating pressures of monolith and CTF 
reactor was investigated following the experimental procedures presented in Section 3.2.2.2. 
The experiments in various reactor columns were carried out according to the procedures 
presented in Section 3.2.2.2 but at atmospheric pressure.  
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9.3 Hydrodynamics at High Pressure 
The hydrodynamic data were collected under high pressures when the monolith and 
CTF reactor were operated at the gas and liquid flow rates used for case 5 in Table 7.1. The 
Taylor bubble length (LTB), Taylor bubble rise velocity (UGTB), liquid slug length (LTS) and 
liquid slug rise velocity (ULTS) for each reactor are listed in Table 9.1. 
 
Table 9.1 Hydrodynamic data at high pressures in a monolith and a CTF reactor column. 
monolith reactor CTF reactor  gauge 
pressure 
[bar] LTB [cm] 
UGTB 
[cm s-1] 
LTS 
[cm] 
ULTS 
[cm s-1] 
LTB 
[cm] 
UGTB 
[cm s-1]
LTS 
[cm] 
ULTS 
[cm s-1]
0 7.73 16.9 6.95 17.3 2.73 14.7 2.32 14.6 
2.5 1.51 15.9 6.71 13.8 1.05 10.7 3.66 10.0 
5 0.69 16.0 6.83 15.1 0.53 10.5 5.38 10.7 
7.5 0.53 16.3 7.70 15.3 0.48 9.5 5.25 9.5 
10 0.42 14.1 7.81 13.4 0.33 9.4 6.03 8.8 
* Conditions: QG = 214 mL min-1 and QL = 133 mL min-1 for a monolith reactor column, QG = 
161 mL min-1 and QL = 100 mL min-1 for a CTF reactor column, nitrogen–water system, 
cocurrent upward flow. 
 
The hydrodynamic data at atmospheric pressure presented in Table 9.1 are somewhat 
different from the data presented in Table 8.1. This might be caused by the different kind of 
pump, a dosing pump with a reciprocating piston, installed in the new system. On the other 
hand, a peristaltic pump was used in the reactor system for atmospheric pressure experiments. 
As can be seen in Table 9.1, the length of Taylor bubbles at high pressures became 
much smaller when compared with the data gained at atmospheric pressure, because the gas 
volume was reduced by elevated pressure. The hydrodynamic parameters show only a slight 
difference over the pressure range of 5–10 bar.  
 
 Chapter 9. Propene Epoxidation in a Pressurised Reactor System 
 212
9.4 Performance of Propene Epoxidation at High Pressure 
Prior to the propene epoxidation experiments in the new reactor system, the 
background hydrogen peroxide decomposition was examined and found to be 9.5% after 5 h 
(Figure F.22 in Appendix F). It was assumed that this amount of decomposed hydrogen 
peroxide had a negligible impact on the performance of propene epoxidation in the reactor 
system. The reproducibility of experiments in the CTF reactor of the new reactor system was 
tested at normal operating conditions, indicated as case 5 in Table 7.1, for 5 h and was found 
to have an experimental error within ±7% (Figure F.23 in Appendix F). 
Figure 9.1 shows the effect of operating pressure on the propene oxide production in 
the monolith and CTF reactor. The concentration of propene oxide produced increased in 
proportion to its operating pressure mainly due to the increase in dissolved concentration of 
propene in the solvent mixture as there was little difference between hydrodynamic data 
gained at high pressures. It is notable that the selectivity to propene oxide was maintained 
greater than 92.5%, regardless of operating pressure, in the monolith and CTF reactor (Figure 
9.2). 
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Figure 9.1 Influence of operating pressure on propene oxide production in (a) a monolith and 
(b) a CTF reactor. Reaction conditions: 40 °C, 0–10 bar gauge pressure, 1.0 g of TS-1 coating, 
cocurrent upward & semi-batch operation, QG = 214 mL min-1 (10% C3H6/N2) and QL = 133 
mL min-1 (H2O2 0.35 wt%, CH3OH 50 wt%, H2O 49.65 wt%) for a monolith reactor, QG = 
161 (10% C3H6/N2) mL min-1 and QL = 100 mL min-1 (H2O2 0.35 wt%, CH3OH 50 wt%, H2O 
49.65 wt%) for a CTF reactor. 
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Figure 9.2 Selectivity to propene oxide at various operating pressures in a monolith and a 
CTF reactor. 
 
 Chapter 9. Propene Epoxidation in a Pressurised Reactor System 
 214
In Figure 9.3, the propene oxide concentration after 5 h was plotted against its 
operating pressure. The performance of the monolith reactor was slightly better than that of 
the CTF reactor at atmospheric pressure and the slope of dependency between propene oxide 
concentration and operating pressure was a little steeper in the monolith reactor. Therefore, 
the difference of propene oxide concentration after 5 h became larger at high operating 
pressure. The dependence of propene oxide concentration on the operating pressure was 
nearly linear. The same trend was observed in some multiphase hydrogenation reactions in 
monolith reactors [201-205]. The linear dependence can be explained by the increased 
solubility of propene as the solubility of gas is directly proportional to pressure according to 
Henry’s law. Moreover, mass-transfer efficiency is considerably high in the monolith-type 
reactor. The solid and dashed lines shown in Figure 9.3 were drawn with the propene oxide 
concentrations calculated by multiplying its pressure ratio and the propene oxide 
concentration obtained at atmospheric pressure. The increasing slopes were similar to the 
experimental results but the experimental values were slightly higher than expected. This 
difference might be due to the fact that this calculation was based on the propene oxide 
concentration gained under atmospheric pressure at which longer Taylor bubbles (Table 9.1) 
resulting in smaller mass-transfer surface were formed.  
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Figure 9.3 Dependence of propene oxide production on operating pressure in a monolith and 
a CTF reactor. 
 
9.5 Performance of Propene Epoxidation in Various Reactor 
Columns 
In the new reactor system, various reactor columns were tested to compare their 
performances for the propene epoxidation. A 4 mm OD rod, a 8mm ID tube, a 8 mm ID tube 
containing a 4 mm OD rod and a 4 mm ID tube are shown in Figure 9.4.  
 
 
Figure 9.4 Photographs of a rod and various reactor columns. 
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The experimental cases are summarised in Table 9.2. The gas and liquid flow rates 
were adjusted according to the cross-sectional area of each reactor column to apply the same 
gas and liquid superficial velocities to all reactor columns. The case 1, case 2 and case 3 
basically had the same structure of CTF reactor, but the position of immobilised TS-1 catalyst 
was different. Only the outer surface of the rod was coated with TS-1 in case 1. On the other 
hand, only the inner surface of 8 mm tube was coated with TS-1 in case 2. In case 3, both the 
rod outer surface and the tube inner surface were coated with TS-1. A rod was not contained 
in case 4 and case 5, and only the inner surface of tube was coated with TS-1. A 8 mm ID tube 
and a 4 mm ID tube were employed for case 4 and case 5, respectively. 
 
Table 9.2 Experimental cases for various structures of reactor column. 
case structure TS-1 catalyst coating catalyst coating area [mm2] 
cross-sectional 
area [mm2] 
1 C rod outer surface (1 g) 12.57 37.70 
2 C tube inner surface (1 g) 50.27 37.70 
3 C rod outer surface (1 g) + tube inner surface (1 g) 62.83 37.70 
4 B tube inner surface (1 g) 50.27 50.27 
5 D tube inner surface (1 g) 12.57 12.57 
* Conditions: VG = 0.071 m s-1 and VL = 0.044 m s-1 were employed in all cases. 
 
The performances of propene epoxidation in the various reactor columns were shown 
in Figure 9.5. The propene oxide concentration in case 3 was much higher than other cases 
because a double amount of TS-1 catalyst was immobilised and its coating area was the 
largest in case 3. When 1 g of TS-1 catalyst was immobilised on the inner surface of 8 mm ID 
tube, the concentration of propene oxide of case 4 was slightly higher than that of case 2. This 
might be because the contact area between Taylor bubble and inner surface of tube was 
reduced and the Taylor bubble length was larger in case 2 by the presence of rod inside the 
reactor column. Moreover, the liquid flow of case 4 was recycled to the feed tank in a shorter 
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time due to the higher liquid flow rate used in case 4. When the position of TS-1 coating was 
changed from tube inner surface (case 2) to rod outer surface (case 1) with the same CTF 
reactor structure, the propene oxide concentration decreased because of the reduced catalyst 
coating area. When comparing case 1 with case 5, the concentration of propene oxide was 
higher in case 1 even though the same amount of TS-1 catalyst was coated on the same 
coating area. This might be because the low liquid flow rate used in case 5 made the time 
required to recycle the liquid flow longer. 
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Figure 9.5 Influence of reactor column structure on propene oxide production. Reaction 
conditions: 40 °C, 1 bar, 1.0 g of TS-1 coating, cocurrent upward & semi-batch operation, VG 
= 0.071 m s-1 (10% C3H6/N2), VL = 0.044 m s-1 (H2O2 0.35 wt%, CH3OH 50 wt%, H2O 49.65 
wt%). 
 
In Figure 9.6, propene oxide concentration and selectivity to propene oxide after 5 h in 
various reactor columns are presented. As can be seen Figure 9.6b, the selectivity to propene 
oxide was maintained greater than 90.5%, regardless of reactor column structure. 
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Figure 9.6 Propene oxide concentration and selectivity to propene oxide after 5 h in various 
reactor columns.  
9.6 Concluding Remarks 
The influence of operating pressure on the propene epoxidation in the monolith and 
CTF reactor was investigated. The effect of operating pressure on the hydrodynamics of the 
reactors became less significant as operating pressure increased due to the gas compression. 
Therefore, the production rate of propene oxide increased directly proportional to its 
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operating pressure mainly due to the increased solubility of propene in the liquid solvent. The 
selectivity to propene oxide was found to be greater than 92.5% in the monolith and CTF 
reactor, regardless of operating pressure. 
The performances of various structures of reactor column for propene epoxidation at 
atmospheric pressure were changed according to the catalyst loading area, hydrodynamics and 
recycle time of liquid flow. 
The following chapter draws conclusions to the results achieved in this research, and 
discusses the research areas which require further consideration. 
 10 CONCLUSIONS AND RECOMMENDATIONS 
This chapter summarises the results presented in this thesis and draws conclusions, as 
well as emphasising the significance and potential impacts of this research and suggesting 
some recommendations for future work which can be extended from this study. 
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10.1 Conclusions 
A comparable high activity was conferred on the titanium silicalite (TS-1) catalyst 
synthesised in this study which showed good agreement with the analysis data reported in 
literature. In the kinetics study carried out in an autoclave reactor, it was found that the 
variation of operating conditions had a profound effect on the propene oxide concentration 
and selectivity. The selectivity to propene oxide decreased with increasing catalyst loading, 
reactant concentration, water content and reaction temperature, which, in turn, led to a 
decrease of the propene oxide concentration. The apparent orders of reaction with respect to 
hydrogen peroxide and propene were found to be 0.67 and 0.63, respectively. The apparent 
activation energy was determined to be 25.8 kJ mol-1. The propene oxide production 
decreased but the selectivity increased with an increase in methanol content. The initial rates 
of epoxidation reaction were observed to decrease with increasing methanol content from a 
maximum at low methanol concentrations. This effect was shown to be due to the 
enhancement of propene solubility by methanol and the opposing effect of competitive 
adsorption by methanol. The initial rate data were fitted best by Langmuir–Hinshelwood 
single-site and dual-site equations. The protic solvents (ethanol, isopropanol, n-butanol and 
tert-butanol) and aprotic solvents (acetone and acetonitrile) showed a similar trend of 
decreasing initial rate with increasing solvent content. However, a maximum of initial rate at 
low solvent concentrations was observed only in methanol. Additional measurements of initial 
rates at higher concentrations of hydrogen peroxide and propene proved that the effect of 
competitive adsorption by methanol was overcome in the previous studies by the higher 
reactant concentrations used and magnified in the present study by the mild conditions. 
The fundamental MFI structure of TS-1 was not affected by precious metal 
impregnation and treatment processes. The clustering phenomena of gold and palladium 
nanoparticles observed in the precious metal containing TS-1 were greatly improved by a sol 
immobilisation method. The presence of precious metal nanoparticles vigorously catalysed 
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the side reactions and the hydrogen peroxide decomposition. The decomposition of hydrogen 
peroxide was more significant on palladium than gold and the effects of treatment processes 
such as drying, calcination and reduction on the decomposition were changed in terms of the 
kind of precious metal. Some of the precious metal containing TS-1 catalysts showed a higher 
initial rate and propene oxide yield than pure TS-1 catalyst at the beginning of reaction time 
but the propene oxide yield deteriorated over the whole reaction time due to the enhancement 
of side reactions. The exceptional results gained over the dried precious metal containing TS-
1 catalysts could be explained by the leaching of precious metals into the reaction medium 
during experiment, which dramatically enhanced non-selective oxidation reactions leading to 
byproducts generation. The homogeneous dispersion of gold nanoparticles on TS-1 achieved 
via a sol immobilisation method drastically reduced the production rate of propene oxide and 
selectivity to propene oxide. 
A linear relationship between mean flow velocity and Taylor bubble rise velocity was 
found and the Taylor bubbles rose faster in the confined Taylor flow (CTF) reactor than in the 
monolith reactor due to different bubbles shapes. This also led to the increase of Taylor 
bubble length and the decrease of Taylor bubble frequency in the CTF reactor. In both reactor 
columns, the Taylor bubble length increased with increasing gas superficial velocity at a 
constant liquid superficial velocity and decreased with increasing liquid superficial velocity at 
a constant gas superficial velocity. However, the liquid slug length showed a completely 
opposite trend with respect to gas and liquid superficial velocities in the monolith and CTF 
reactor. In both reactors, a higher spread of hydrodynamic data was observed when the level 
of flow turbulence was higher. 
The TS-1 catalyst could be immobilised on the alumina tube and rod using silica 
nanoparticles as an additive to provide a stable coating for monolith and CTF reactor 
applications. In both reactors, when the liquid superficial velocity was constant, the propene 
oxide production decreased with increasing gas superficial velocity because the Taylor bubble 
and bubble rise velocity increased simultaneously. On the other hand, when the gas superficial 
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velocity was constant, the Taylor bubble length decreased but the bubble rise velocity 
increased. Nevertheless, the propene oxide production increased linearly with increasing 
liquid superficial velocity or decreasing Taylor bubble length in the monolith reactor while 
there was no linear relationship between the propene oxide production and the liquid 
superficial velocity or Taylor bubble length in the CTF reactor. Therefore, it can be said that 
the performance of the monolith reactor was dominated by mass-transfer surface area. 
The performance of CTF reactor for the propene epoxidation was lower than that of 
monolith reactor because the Taylor bubble length and the recycle time for the liquid flow 
were longer and the catalyst coating area was smaller in the CTF reactor. In both reactors, the 
production rate of propene oxide increased directly proportional to its operating pressure due 
to the increased solubility of propene in the liquid solvent. It is noteworthy that the selectivity 
to propene oxide was found to be greater than 92.5% in the monolith and CTF reactor, 
regardless of operating pressure. 
The performance of propene epoxidation at atmospheric pressure in various reactor 
column structures was found to be highly dependent on the catalyst loading, hydrodynamic 
parameters, and recycle time of liquid flow through the reactor system. 
The Taylor flow development at different time steps in the CTF reactor was realised in 
the CFD simulation. However, the inclusion of mass and heat transfer phenomena and 
chemical reactions was not attempted due to the complexity of fluid field calculation and 
hence its excessive computational time. 
 
10.2 Significance and Potential Impacts 
Although a number of papers with respect to the liquid-phase epoxidation of propene 
using hydrogen peroxide have been published for last 20 years, there has been no paper to 
present a detailed kinetics study given in this thesis. In particular, in this work it has been 
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demonstrated experimentally for the first time that methanol solvent can act as an inhibitor 
through competitive adsorption in the propene epoxidation. This research has also elucidated 
the influence of precious metal nanoparticles supported on TS-1 and its treatment process of 
catalyst preparation on the propene epoxidation and the hydrogen peroxide decomposition. 
These results can be a cornerstone of developing a new reactor system for the propene 
epoxidation in both H2O2 and H2–O2 system.  
Monolith reactor as a structured reactor can be a promising alternative to the 
conventional reactor for multiphase catalytic reactions due to convenient catalyst separation 
and handling, enhanced mass and heat transfer, low pressure drop and possibility of 
straightforward scale-up. Monolith reactor can be utilised for slow reactions by using a high 
catalyst loading (thick coating) on the monolith or a pure catalyst-type extruded monolith. 
However, monolith reactor is highly preferable in applications where chemical reactions are 
fast (consequently, mass transfer becomes a limiting step) and highly exothermic, due to the 
thin liquid layer between gas bubble and solid catalyst and an internal recirculation in each 
liquid slug separated from gas bubbles. For fast reactions, a thin catalyst coating layer on the 
channel walls is desired and maximising surface to volume ratio should be focused. It is 
known that the mass-transfer efficiency of monolith reactor under Taylor flow conditions is 
one order of magnitude higher than those of conventional reactors and the performance of 
monolithic catalysts for fast reactions is several times better that of standard catalyst pellets 
[107, 206]. Therefore, compared with conventional reactors, monolith reactors have a larger 
productivity with a better selectivity control. Also, the advantages of monolith reactors lead to 
safe and cost-effective operation, high flexibility of applications and process intensification 
potential. From these aspects considered so far, monolith reactor can be a good candidate for 
propene epoxidation because this catalytic reaction is indeed multiphase, fast and highly 
exothermic. 
Monoliths have been the dominant catalyst structure for environmental applications 
such as emission reduction in automotive catalytic converters, selective catalytic reduction in 
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power stations and ozone destruction in airplanes. They have widened their application areas 
for other single-phase fast reactions such as steam reforming, oxidation of hydrocarbons to 
syngas, and oxidative dehydration. Also, Monoliths have proven their value for multiphase 
applications such as anthraquinone autooxidation for hydrogen peroxide synthesis, olefin 
hydrogenation and aromatic saturation. By extension, in this research, a monolith and a CTF 
reactor were evaluated for propene epoxidation for the first time. The CTF reactor can be 
utilised effectively for the same applications as monolith reactor with enhanced mass and heat 
transfer, easier control of catalyst coating and profiling, and possibility of temperature control 
in addition to the advantages of monolith reactor. This research also presented the comparison 
of hydrodynamics under Taylor flow regime and performance of propene epoxidation in the 
monolith and CTF reactor, which would be useful information when considering such 
structured reactors in the chemical industry.  
There are, of course, disadvantages and limitations in monolith-type reactors. Monolith 
reactors are more expensive than catalyst pellets-filled reactors. Securing the inlet distribution 
of gas and liquid flows for even contact with catalyst materials is one of main concerns. They 
are not useful for quickly and/or irreversibly deactivating reactions. They are susceptible to 
thermal and mechanical shock. It is difficult to prepare long catalyst rods for CTF reactors. 
However, in spite of these weak points, it is certain that monolith reactors are going to open a 
wide range of applications and CTF reactors are going to emerge for special purposes in the 
chemical industry.  
 
10.3 Recommendations for Future Work 
The catalytic activity of TS-1 was changed according to the chemical suppliers and the 
batch of the chemicals production even though the catalyst was prepared following the same 
procedures, as mentioned section 4.1.1. In this study, in order to assure the reproducibility of 
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experiments, TS-1 catalyst prepared in the same batch was tried to use for a series of 
experiments for one purpose if possible. However, the causes for the activity difference of TS-
1 catalysts should be indentified to obtain consistently a high performance of TS-1 catalysts. 
This would be beneficial to the bulk-scale production of TS-1 catalyst for its commercial 
applications. 
The dispersion of gold nanoparticles on TS-1 was considerably improved via a sol 
immobilisation method. However, it should be confirmed that the sol immobilisation method 
is also available for palladium or gold–palladium. In addition, the exact causes for the 
agglomeration of the precious metals require further investigation to find a more efficient 
method to achieve homogeneous dispersion of precious metal nanoparticles. The production 
of propene oxide and hydrogen peroxide over the precious metal containing TS-1 catalysts 
should also be investigated in the H2–O2 system to validate the influence of the kind of 
precious metal and treatment method reported in this thesis, and check the effect of even 
distribution of precious metal nanoparticles.  
For the experiments in the monolith or CTF reactor, a fresh catalyst rod or tube has 
been used for each experiment lasting for 5 h. Further investigation is required to assess the 
long-term performance of immobilised TS-1 catalyst for the propene epoxidation and seek to 
find an efficient regeneration method. If necessary, a more efficient way to support the 
catalyst materials onto the surface of rod or tube should be developed to improve the stability 
of catalyst coating.  
The new monolith/CTF reactor system constructed by the author could be used to study 
other heterogeneous catalytic reactions, where the reactants and products are in a different 
phase from the catalyst. The chemical reactions could be the selective oxidation of a broad 
range of molecules including alkenes, alcohols, polyols, phenols and bio-renewable 
feedstocks. 
The kinetics of propene epoxidation and the results from the monolith and CTF reactor 
could be employed for further modelling and simulation study. This study would be helpful to 
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analyse the influence of key process operating parameters on the propene epoxidation in the 
structured reactors. This study also could be extended to other heterogeneous catalytic 
reactions in the monolith or CTF reactor. First, the simulation of fluid dynamics of Taylor 
flow in combination with mass and heat transfer and chemical reactions could be tried for the 
monolith reactor due to the axisymmetry of column structure and fluid flow. If a breakthrough 
to reduce computational time is found, the simulation study could be conducted to investigate 
the CTF reactor with chemical reactions. 
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Appendix A. Calibration of Mass Flow Controllers 
and Liquid Pumps 
In most of the experiments, 10% propene in nitrogen was used for gas flow. 50% 
propene in nitrogen was also used for the experiments at higher propene feed concentrations. 
The Brooks and Bronkhorst mass flow controllers were calibrated using a soap film 
flowmeter from Alltech Associates of Applied Science.   
 
A.1 Calibration of Mass Flow Controllers and Liquid Pump for 
Reactor System for Propene Epoxidation at Atmospheric 
Pressure 
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Figure A.1 Calibration curves of a mass flow controller (Brooks #1): (a) 10% C3H6 in N2 and 
(b) 50% C3H6 in N2. 
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Figure A.2 Calibration curve of a mass flow controller (Brooks #2, pure N2). 
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Figure A.3 Calibration curve of a liquid pump (Masterflex, water). 
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A.2 Calibration of Mass Flow Controllers and Liquid Pump for 
Reactor System for Propene Epoxidation at High Pressure 
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Figure A.4 Calibration curves of a mass flow controller (Bronkhorst #1): (a) 10% C3H6 in N2 
and (b) 50% C3H6 in N2. 
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Figure A.5 Calibration curve of a mass flow controller (Bronkhorst #2, pure N2). 
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Figure A.6 Calibration curve of a liquid pump (Milton Roy, water). 
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Appendix B. Calibration of Gas Chromatography  
The peak area of a compound against the weight percent of a compound in a sample 
and the peak area ratio of compound to internal standard against the mass ratio of compound 
to internal standard are presented as follows. The response factors obtained from the 
calibration curves are listed in Table B.1. These factors are used to determine the 
concentrations of individual component in unknown samples.  
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Figure B.1 Calibration curves for propene oxide.  
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Figure B.2 Calibration curves for 1-methoxy-2-propanol. 
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Figure B.3 Calibration curves for 3-methoxy-1-propanol. 
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Figure B.4 Calibration curves for 1,2-propanediol. 
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Figure B.5 Calibration curves for 1,2-propanediol. 
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Table B.1 Retention times and response factors of propene oxide and byproducts. 
component retention time [min] response factor 
propene oxide 1.2 0.7423 
1-methoxy-2-propanol 3.7 0.5935 
2-methoxy-1-propanol 4.1 0.5935 
3-methoxy-1-propanol 4.6 0.4271 
1,2-propanediol 5.8 0.5000 
1,3-propanediol 6.3 0.4326 
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Appendix C. Comparison of Titration Methods 
The following four different titration methods were examined to find a method to give 
the best accuracy for the determination of hydrogen peroxide concentration. 
 
 Method 1: Permanganate titration 
5H2O2 + 2KMnO4 + 3H2SO4 → K2SO4 + 2MnSO4 + 8H2O + 5O2 
 Method 2: Permanganate titration with ferroin indicator 
 Method 3: Ceric sulphate titration 
H2O2 + 2Ce(SO4)2 → Ce2(SO4)3 + H2SO4 + O2 
 Method 4: Iodometric titration 
H2O2 + 2KI + H2SO4 → I2 + K2SO4 + 2H2O 
I2 + 2Na2S2O3 → Na2S4O6 + 2NaI 
 
The accuracy of each titration method was tested using hydrogen peroxide in water and 
hydrogen peroxide in a mixture of water and methanol. To determine the accuracy, a 
percentage error was defined as follows: 
100[%] 
Actual
ActualMeasured
Error                      Equation C.1 
Figure C.1a shows that Method 1, Method 2 and Method 4 gave a relatively small error. 
However, the error sharply increased in the presence of methanol except Method 4 as shown 
in Figure C.1b. Method 4, iodometric titration, gave a margin of error of less than ±3% 
regardless of the presence of methanol. Therefore, the iodometric titration was selected in this 
study. As shown in Figure C.2, the accuracy of the iodometric titration was maintained over a 
range of hydrogen peroxide concentrations used in this study. 
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Figure C.1 Comparison of titration errors for 0.1 mol kg-1 (0.34 wt%) hydrogen peroxide 
solution: (a) hydrogen peroxide + water solution and (b) hydrogen peroxide + water + 
methanol solution. 
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Figure C.2 Accuracy of iodometric titration: (a) hydrogen peroxide + water solution and (b) 
hydrogen peroxide + water + methanol solution. 
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Appendix D. Determination of Initial Rates 
Four different methods can be used to analyse rate data collected from experiments: the 
differential, the integral, the initial rate, and the half-life methods. To determine correctly the 
order of reaction with respect to each reactant and the rate constant, and to remove the effect 
of side reactions, the initial rate method was chosen in this thesis. Therefore, it was required 
to carry out a series of experiments at many different initial concentrations of reactants. The 
initial rate of reaction was calculated by fitting the concentration change data with time, 
differentiating the fitting equations with respect to time, and determining the tangential slope 
at time zero. For example, in the change of propene oxide concentration with time shown in 
Figure D.1, the data can be fitted with an exponential form (Equation D.1). The differential 
form of Equation D.1 with x = 0 gives the value of initial rate (Equation D.2). 
0
)/(
1
1)( yeAxy tx                                         Equation D.1 
1
1)0(
t
A
y                                               Equation D.2 
 
Figure D.1 Determination of initial rate from the graph of propene oxide concentration with 
time. 
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Appendix E. Langmuir–Hinshelwood and Eley–
Rideal Mechanism 
In heterogeneous catalysis, chemical reactions on catalyst surfaces can be described by 
two representative mechanisms: Langmuir–Hinshelwood and Eley–Rideal mechanism. In 
Langmuir–Hinshelwood single-site mechanism, two reactant molecules are adsorbed on the 
same kind of active sites to form the product. Then, the product is desorbed from the sites. In 
Langmuir–Hinshelwood dual-site mechanism, two reactant molecules are adsorbed on the 
different kinds of active sites to form the product. In Eley–Rideal mechanism, a reaction 
occurs between an adsorbed molecule and a molecule in the gas phase. These mechanisms are 
depicted in Figure E.1. 
 
 
Figure E.1 Langmuir–Hinshelwood and Eley–Rideal mechanism. 
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Appendix F. Experimental Data 
F.1 Experimental Data for Chapter 4 
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Figure F.1 Results of BET analysis of TS-1 catalyst. 
 
F.2 Experimental Data for Chapter 5 
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Figure F.2 Decomposition of hydrogen peroxide by reactor metal and TS-1 catalyst in a 
Büchi autoclave reactor. Conditions: 40 °C, 7 bar (N2), 0.35 wt% H2O2, 50 wt% CH3OH, 0.28 
g of TS-1, 1000 rpm stirring. 
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Figure F.3 Reproducibility of experiments in a Büchi autoclave reactor. Reaction conditions: 
40 °C, 7 bar (10% C3H6/N2), 0.35 wt% H2O2, 50 wt% CH3OH, 0.28 g of TS-1, 1000 rpm 
stirring. 
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Figure F.4 Effect of agitation speed on (a) hydrogen peroxide consumption and (b) propene 
oxide production. Reaction conditions: 40 °C, 7 bar (10% C3H6/N2), 0.35 wt% H2O2, 50 wt% 
CH3OH, 0.28 g of TS-1, 100–1500 rpm stirring. 
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Figure F.5 Effect of catalyst loading on (a) hydrogen peroxide consumption and (b) propene 
oxide production. Reaction conditions: 40 °C, 7 bar (10% C3H6/N2), 0.35 wt% H2O2, 50 wt% 
CH3OH, 0.14–0.50 g of TS-1, 1000 rpm stirring. 
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Figure F.6 Effect of initial hydrogen peroxide concentration on (a) propene oxide production 
and (b) selectivity to propene oxide. Reaction conditions: 40 °C, 7 bar (10% C3H6/N2), 0.17–
0.70 wt% H2O2, 50 wt% CH3OH, 0.28 g of TS-1, 1000 rpm stirring. 
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Figure F.7 Effect of initial propene partial pressure on (a) propene oxide production and (b) 
selectivity to propene oxide. Reaction conditions: 40 °C, 3–8 bar (10% C3H6/N2), 0.35 wt% 
H2O2, 50 wt% CH3OH, 0.28 g of TS-1, 1000 rpm stirring. 
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Figure F.8 Effect of solvents on propene oxide production. Reaction conditions: 40 °C, 7 bar 
(10% C3H6/N2), 0.35 wt% H2O2, 0–100 wt% solvent, 0.12 g of TS-1, 1000 rpm stirring. 
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Table F.1 Statistical results of kinetic parameters for various solvents. 
t test (p value) 
solvent model 
k  3K  4K  
L–H single-site 2.73 × 10-3 3.65 × 10-3 – 
methanol 
L–H double-site 2.08 × 10-2 6.33 × 10-1 7.83 × 10-1 
L–H single-site 1.90 × 10-4 5.70 × 10-4 – 
ethanol 
L–H double-site 2.72 × 10-3 7.80 × 10-1 8.37 × 10-1 
L–H single-site 2.93 × 10-3 1.20 × 10-2 – 
isopropanol 
L–H double-site 2.85 × 10-3 1.00 × 100 3.84 × 10-2 
L–H single-site 9.76 × 10-7 2.52 × 10-2 – 
n-butanol 
L–H double-site 1.19 × 10-5 1.00 × 100 6.06 × 10-2 
L–H single-site 1.86 × 10-3 8.84 × 10-2 – 
tert-butanol 
L–H double-site 5.67 × 10-3 1.00 × 100 2.58 × 10-1 
L–H single-site 1.02 × 10-3 2.41 × 10-3 – 
acetone 
L–H double-site 1.22 × 10-3 2.47 × 10-1 1.82 × 10-2 
L–H single-site 3.11 × 10-4 1.47 × 10-2 – 
acetonitrile 
L–H double-site 3.32 × 10-4 1.00 × 100 2.41 × 10-2 
 
solvent model F rest (p value) RSS σ
2 
L–H single-site 6.71 × 10-3 6.74 × 10-5 1.35 × 10-5 
methanol 
L–H double-site 7.75 × 10-2 8.53 × 10-5 1.71 × 10-5 
L–H single-site 8.67 × 10-4 6.01 × 10-6 1.20 × 10-6 
ethanol 
L–H double-site 1.27 × 10-2 5.54 × 10-6 1.11 × 10-6 
L–H single-site 1.16 × 10-2 3.73 × 10-5 7.45 × 10-6 
isopropanol 
L–H double-site 1.60 × 10-2 5.78 × 10-6 1.16 × 10-6 
L–H single-site 3.27 × 10-6 1.76 × 10-7 3.52 × 10-8 
n-butanol 
L–H double-site 4.54 × 10-5 2.40 × 10-8 4.80 × 10-9 
L–H single-site 6.55 × 10-3 2.76 × 10-5 5.51 × 10-6 
tert-butanol 
L–H double-site 2.45 × 10-2 1.15 × 10-5 2.31 × 10-6 
L–H single-site 3.66 × 10-3 1.82 × 10-5 3.65 × 10-6 
acetone 
L–H double-site 5.83 × 10-3 2.46 × 10-6 4.92 × 10-7 
L–H single-site 1.14 × 10-3 8.25 × 10-6 1.65 × 10-6 
acetonitrile 
L–H double-site 1.45 × 10-3 6.71 × 10-7 1.34 × 10-7 
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Figure F.9 Effect of concentration of reactants and methanol on propene oxide production. 
Reaction conditions: (a) 40 °C, 3.5 bar (PC3H6), 3.5 wt% H2O2, 0–100 wt% CH3OH, 0.12 g of 
TS-1, 1000 rpm stirring, and (b) 40 °C, 4.2 bar (PC3H6), 2.1 wt% H2O2, 0–100 wt% CH3OH, 
0.12 g of TS-1, 1000 rpm stirring 
 
F.3 Experimental Data for Chapter 6 
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Figure F.10 Decomposition of hydrogen peroxide over various precious metal containing TS-
1 catalysts in a Büchi autoclave reactor. Conditions: 40 °C, 7 bar N2, 0.35 wt% H2O2, 50 wt% 
CH3OH, 0.28 g of catalyst, 1000 rpm stirring. 
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Figure F.11 Propene oxide yields over various precious metals containing TS-1 catalysts. 
Reaction conditions: 40 °C, 7 bar (10% C3H6/N2), 0.35 wt% H2O2, 50 wt% CH3OH, 0.28 g of 
catalyst, 1000 rpm stirring. 
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Figure F.12 Decomposition of hydrogen peroxide over Au and Pd solution. Conditions: 
40 °C, 7 bar N2, 0.35 wt% H2O2, 50 wt% CH3OH, 0.57g of 1 wt% HAuCl4·3H2O solution or 
0.48 g of 1 wt% PdCl2 solution, 1000 rpm stirring. 
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Figure F.13 Conversion of propene oxide over Au and Pd solution. Reaction conditions: 
40 °C, 7 bar N2, 0.35 wt% H2O2, 50 wt% CH3OH, 0.5 wt% C3H6O, 0.57g of 1 wt% 
HAuCl4·3H2O solution or 0.48 g of 1 wt% PdCl2 solution, 1000 rpm stirring. 
 
0 1 2 3 4 5
0.00
0.02
0.04
0.06
0.08
0.10
0.12
C
on
ce
nt
ra
tio
n 
of
 h
yd
ro
ge
n 
pe
ro
xi
de
 [m
ol
 k
g-
1 ]
Time [h]
 TS-1
 Au/TS-1 reduced (impregnation)
 Au/TS-1 (sol immobilisation)
 
Figure F.14 Decomposition of hydrogen peroxide over Au/TS-1 catalysts prepared by 
impregnation (reduction) and sol immobilisation. Conditions: 40 °C, 7 bar N2, 0.35 wt% H2O2, 
50 wt% CH3OH, 0.28 g of catalyst, 1000 rpm stirring. 
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F.4 Experimental Data for Chapter 7 
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Figure F.15 Decomposition of hydrogen peroxide in the reactor system for propene 
epoxidation at atmospheric pressure. Condition: 40 °C, 1.0 g of TS-1 coating (monolith 
reactor), cocurrent upward & semi-batch operation, VG = 0.071 m s-1 (N2), VL = 0.044 m s-1 
(H2O2 0.35 wt%, CH3OH 50 wt%, H2O 49.65 wt%). 
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Figure F.16 Reproducibility of experiments in the reactor system for propene epoxidation at 
atmospheric pressure. Reaction condition: 40 °C, 1.0 g TS-1 of coating (monolith reactor), 
cocurrent upward & semi-batch operation, VG = 0.071 m s-1 (10% C3H6/N2), VL = 0.044 m s-1 
(H2O2 0.35 wt%, CH3OH 50 wt%, H2O 49.65 wt%). 
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Figure F.17 Concentration of propene oxide in a monolith reactor at atmospheric pressure. 
Reaction condition: 40 °C, 1.0 g TS-1 coating, cocurrent upward & semi-batch operation, VG 
= 0.0355–0.142 m s-1 (10% C3H6/N2), VL = 0.022–0.088 m s-1 (H2O2 0.35 wt%, CH3OH 50 
wt%, H2O 49.65 wt%). 
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Figure F.18 Selectivity to propene oxide after 5 h in a monolith reactor at atmospheric 
pressure. Reaction condition: 40 °C, 1.0 g of TS-1 coating, cocurrent upward & semi-batch 
operation, VG = 0.0355–0.142 m s-1 (10% C3H6/N2), VL = 0.022–0.088 m s-1 (H2O2 0.35 wt%, 
CH3OH 50 wt%, H2O 49.65 wt%). 
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F.5 Experimental Data for Chapter 8 
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Figure F.19 Effect of propene feed concentration on selectivity to propene oxide in a CTF 
reactor at atmospheric pressure. Reaction conditions: 40 °C, 1.0 g of TS-1 coating, cocurrent 
upward & semi-batch operation, VG = 0.071 m s-1 (10–30% C3H6), VL = 0.044 m s-1 (H2O2 
0.35 wt%, CH3OH 50 wt%, H2O 49.65 wt%). 
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Figure F.20 Concentration of propene oxide in a CTF reactor at atmospheric pressure. 
Reaction condition: 40 °C, 1.0 g of TS-1 coating, cocurrent upward & semi-batch operation, 
VG = 0.0355–0.142 m s-1 (10% C3H6/N2), VL = 0.022–0.088 m s-1 (H2O2 0.35 wt%, CH3OH 
50 wt%, H2O 49.65 wt%). 
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Figure F.21 Selectivity to propene oxide after 5 h in a CTF reactor at atmospheric pressure. 
Reaction condition: 40 °C, 1.0 g of TS-1 coating, cocurrent upward & semi-batch operation, 
VG = 0.0355–0.142 m s-1 (10% C3H6/N2), VL = 0.022–0.088 m s-1 (H2O2 0.35 wt%, CH3OH 
50 wt%, H2O 49.65 wt%). 
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F.6 Experimental Data for Chapter 9 
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Figure F.22 Decomposition of hydrogen peroxide in the reactor system for propene 
epoxidation at high pressure. Condition: 40 °C, 1 bar, 1.0 g of TS-1 coating (CTF reactor), 
cocurrent upward & semi-batch operation, VG = 0.071 m s-1 (N2), VL = 0.044 m s-1 (H2O2 0.35 
wt%, CH3OH 50 wt%, H2O 49.65 wt%). 
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Figure F.23 Reproducibility of experiments in the reactor system for propene epoxidation at 
high pressure. Reaction condition: 40 °C, 1 bar, 1.0 g of TS-1 coating (CTF reactor), 
cocurrent upward & semi-batch operation, VG = 0.071 m s-1 (10% C3H6/N2), VL = 0.044 m s-1 
(H2O2 0.35 wt%, CH3OH 50 wt%, H2O 49.65 wt%). 
